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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

The present invention relates to an optical, low-pass filter suitable for use with an optical apparatus having an image 
pickup element, such as a video camera or a digital camera. 

10 Description of Related Art 

If an object having a periodical structure whose frequency is higher than a frequency corresponding to the pixel 
period of an image pickup element such as a CCD is to be photographed by using an optical apparatus having such an 
imag pickup element, for example, a video camera or a digital camera, the image pickup element will output a false 
signal or a false color and the phenomenon of a degradation of a photographed image occurs. 

To prevent this phenomenon, it is known to employ an optical low-pass filter which separates an image of an object 
into two or more images and cuts the high-frequency component of the image by making use of the double refraction 
of a crystal plate. 

If a sufficient low-pass effect is to be achieved by such optical low-pass filter, the optical low-pass filter needs to 
so hav at least two crystal plates. However, the us? of expensive crystal plates leads to thtfproblem of an increase in cost. 
Furthermore, since the action of crystal does not have an appropriate effect on a pblarization type of object, the problem 
of a decrease in the low-pass effect will occur. 

To cope with these problems, Japanese Patent Publication No. Sho 44-1155 discloses an optical low-pass filter 
which separates a wavefront into two or more images by means <rf a plurality of prisms. 

However, the optical low-pass filter disclosed in Japanese Patent Publication No. Sho 44-1 155 still has a problem. 
As shown in Fig. 1 . the optical low-pass f flter can separate an image into two images on an image plane IS1 , but there 
is another image plane 1S2 on which the two images are mixed into one image. In an optical apparatus provided with 
an AF mechanism which determines the state of focus on the basis of the state of an image plane, the AF mechanism 
determines the image plane IS2 as an in-focus position, with the result that the low-pass effect decreases. 
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It is, therefore, an object of the present invention to provide an optical low-pass filter which, when it is used with an 
ptical apparatus, can exhibit a stable low-pass effect and provide an good image. 

To achieve the above object, in accordance with the present invention, there is provided an optical low-pass filter 
which comprises a phase advancing area which advances a phase of a wavefront of an incident pencil of rays with 
respect to a phase of a wavefront of a center of the incident pencil of rays, and a phase retarding area which retards the 
phase of the wavefront of the incident pencil of rays with respect to the phase of the wavefront of the center of the inci- 
dent pencil of rays, the phase advancing area and the phase retarding area alternately existing in the optical low-pass 
40 filter. 

In accordance with another aspect of the present invention, there is provided an optical low-pass filter which com- 
prises a phase advancing area which advances a phase of a wavefront of an incident pencil of rays with respect to a 
phas of a wavefront of a center of the incident pencil of rays, and a phase retarding area which retards the phase of 
the wavefront of the incident pencil of rays with respect to the phase of the wavefront of the center of the incident pencil 
of rays, at least either one of the phase advancing area and the phase retarding area being provided as a plurality of 
phase advancing areas or a plurality of phase retarding areas in the optical low-pass filter. 

In accordance with another aspect of the present invention, there is provided an optical low-pass filter which com- 
prises an area having an optical path length longer than an optical path length of a center of the optical low-pass filter, 
and an area having an optical path length shorter than the optical path length of the center of the optical low-pass filter! 
the area having the longer optical path length and the area having the shorter optical path length alternately existing in 
the optical low-pass filter. 

In accordance with another aspect of the present invention, there is provided a method of manufacturing an optical 
low-pass filter, which comprises the steps of charging a material into a mold and removing the material molded by the 
mold, the optical low-pass filter alternately including a phase advancing area which advances a phase of a wavefront 
55 of an incident pencil of rays with respect to a phase of a wavefront of a center of the incident pencil of rays, and a phase 
retarding area which retards the phase of the wavefront of the incident pencil of rays with respect to the phase of the 
wavefront of the center of the incident penal of rays, and the mold having a shape which corrects an error occurring 
during molding of the optical low-pass filter. 

In accordance with another aspect of the present invention, there is provided an optical apparatus which comprises 
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an image forming optical system, an image pickup element, and an optical lew-pass filter, the optical low-pass filter 
alternately including a phase advancing area which advances a phase of a wavefront of an incident pencil of rays with 
respect to a phase of a wavefront of a center of the incident pencil of rays, and a phase retarding area which retards the 
phase of the wavefront of the incident pencil of rays with respect to the phase of the wavefront of the center of the inci- 
5 dent pencil of rays. 

Various embodiments of the optical low-pass filter accoitling to the present invention and the optical apparatus 
using such optical low-pass filter will be described later in detail with reference to the accompanying drawings. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 

w 

Fig. 1 is a view aiding in describing the problem of an optical low-pass filter which makes use of a conventional 
prism; 

Fig. 2 is a view aiding in describing the coordinate system of an image plane; 

Rg. 3 is a view showing a cylindrical coordinate system; 
is Fig. 4 is a view aiding in describing the distance between point images in an image plane and the distance from the 

center of the image plane to each of the point images; 
,> Fig. 5 is a view aiding in describing the distance between point images in an image plane and the distance from the 

center of the image plane to each of the point images; 

Fig. 6 is a diagrammatic view of the essential portion of a photographing optical system according to Embodiment 

20 1; 

Fig. 7 is a view showing the contour lines of an optical low-pass filter according to a first numerical example; 
Fig. 8 is a view showing the contour lines of the shape of an optical low-pass filter which includes one phase 
advancing area and one phase retarding area; 

Fig. 9 is a view showing the contour lines of the shape of an optical low-pass filter which includes only phase retard- 
25 ing areas; 

Fig. 1 0 is a cross-sectional view of the shape of the optical low-pass filter according to the first numerical example; 
Fig. 1 1 is a view showing the contour fines of a wavefront aberration in an exit pupil in the first numerical example; 
Fig. 12 is a view showing a point spread in an image plane in the first numerical example; 
Fig. 1 3 is a view showing a line spread of the first numerical example at F2.8; 
30 Fig. 1 4 is a graph showing the MTF curve 6f the first numerical example at F2.8; 

Fig. 1 5 is a view showing the contour lines of the shape of an optical low-pass fitter according to a second numerical 
example; 

Fig. 16 is a cross-sectional view of the shape of the optical low-pass filter according to the second numerical exam- 
ple; 

35 Fig. 1 7 is a view showing the contour lines of a wavefront aberration in an exit pupil in the second numerical exam- 
ple; 

Fig. 18 is a view showing a point spread in an image plane in the second numerical example; 

Rg. 1 9 is a view showing a line spread at F1 .65 of the second numerical example; 

Fig. 20 is a graph showing the MTF curve of the second numerical example at F1 .65; 
40 Fig. 21 is a graph showing the MTF curve of the second numerical example at F5.6; 

Fig. 22 is a view showing a wavefront aberration in an exit pupil which an actual photographing optical system has; 

Fig. 23 is a view showing the contour lines of a wavefront aberration in the exit pupil of an optical system having the 

wavefront aberration shown in Fig. 22 which optical system is provided with the optical low-pass filter according to 

the second numerical example; 
45 Fig. 24 is a view showing a point spread in the image plane of the optical system having the wavefront aberration 

shown in Fig. 22 which optical system is provided with the optical low-pass filter according to the second numerical 

example; 

Fig. 25 is a graph showing the MTF curve at F1.65 of the optical system having the wavefront aberration shown in 

Fig. 22 which optical system is provided with the optical tow-pass filter according to the second numerical example; 
so Fig. 26 is a graph showing the MTF curve at F5.6 of the optical system having the wavefront aberration shown in 

Fig. 22 which optical system is provided with the optical low-pass filter according to the second numerical example; 

Fig. 27 is a view showing the contour lines of an optical low-pass filter having another shape; 

Fig. 28 is a view showing the contour lines of an optical low-pass filter having another shape; 

Fig. 29 is a view showing the contour lines of an optical low-pass filter having another shape; 
55 Fig. 30 is a diagrammatic view showing the essential portion of a photographing optical system according to 

Embodiment 2; 

Fig. 31 is a diagrammatic view showing the essential portion of another photographing optical system according to 
Embodiment 2; 

Fig. 32 is a diagrammatic view showing the essential portion of a photographing optical system according to 
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Embodiments; 

Fig. 33 is a diagrammatic view showing the essential portion of a photographing optical system according to 
Embodiment 4; 

Fig. 34 is a diagrammatic view showing the essential portion of a photographing optical system according to 
5 Embodiment 5; 

Fig. 35 is a view showing the contour lines of the shape of an optical low-pass filter according to Embodiment 5 as 
viewed from an object plane side; 

Fig. 36 is a view showing the contour lines of the shape of the optical low-pass filter according to Embodiment 5 as 
viewed from an image plane side; 
io Fig. 37 is a cross-sectional view taken in the direction indicated by an arrow V in Fig. 35; 

Fig. 38 is a view showing the contour lines of a wavefront aberration in an exit pupil in Embodiment 5; 

Fig. 39 is a diagrammatic view showing the essential portion of a photographing optical system according to 

Embodiment 6; 

Fig. 40 is a graph showing the MTF curve of Embodiment 6 for a cutoff frequency of 1 10 lines/mm; 
15 Fig. 41 is a graph showing the MTF curve of Embodiment 6 for a cutoff frequency of 80 lines/mm; 

Fig. 42 is a view showing the gradient refractive index of an optical low-pass filter according tp Embodiment 7; 

Fig. 43 is a view showing the contour lines of a wavefront aberration in an ^xit pupil in Embodiment 7; , 

Fig. 44 is a view showing a point spread in an image plane in Enhbodiment 7; 

Rg. 45 a view showing a line spread of Embodiment 7 at F2.8; \ 
20 Rg. 46 is a graph showing the MtF curve of Embodiment 7 at F2.8; 

Rg. 47 is a diagrammatic view showing the essential portion of a photographing optical system according to 

Embodiments; 

Rg. 48 is a view showing the contour lines of the shape of an optical low-pass filter according to Embodiment 8; 
Rg. 49 is a view showing the variation in shape of the optical low-pass filter according to Embodiment 8, relative to 

25 the rotational direction of the optical low-pass filter; 

Rg. 50 is a view showing a wavefront aberration obtained on a shorter focal length side of the photographing optical 
system according to Embodiment 8; 
} Rg. 51 is a view showing a relative point spread obtained on the shorter focal length side of the photographing opti- 
cal system according to Embodiment 8; 

30 Rg. 52 is a view showing a relative line spread obtained on the shorter focal length side of the photographing opti- 
cal system according to Embodiment 8; 

Rg. 53 is a graph showing an MTF curve obtained on the shorter focal length side of the photographing optical sys- 
tem according to Embodiment 8; 

Rg. 54 is a view showing a wavefront aberration obtained on a longer focal length side of the photographing optical 
35 system according to Embodiment 8; 

Rg. 55 is a view showing a relative point spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 8; 

Rg. 56 is a view showing a relative line spread obtained on the longer focal length side of the photographing optical 
system according to Embodiment 8; 
40 Rg. 57 is a graph showing an MTF curve obtained on the longer focal length side of the photographing optical sys- 
tem according to Embodiment 8; 

Rg. 58 is a view showing a wavefront aberration obtained on a shorter focal length side of a photographing optical 

system according to Embodiment 8, which is not provided with an optical low-pass filter; ■ 

Rg. 59 is a view showing a relative point spread obtained on the shorter focal length side of the photographing opti- 

45 cal system according to Embodiment 8, which is not provided with an optical low-pass filter; 

Rg. 60 is a view showing a relative line spread obtained on the shorter focal length side of the photographing opti- 
cal system according to Embodiment 8, which is not provided with an optical low-pass filter; 
Fig. 61 is a graph showing an MTF curve obtained on a longer focal length side of the photographing optical system 
according to Embodiment 8, which is not provided with an optical low-pass filter; 

so Rg. 62 is a view showing a wavefront aberration obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 8, which is not provided with an optical low-pass filter; 
Fig. 63 is a view showing a relative point spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 8, which is not provided with an optical low-pass filter; 
Rg, 64 is a view showing a relative line spread obtained on the longer focal length side of the photographing optical 

55 system according to Embodiment 8, which is not provided with an optical low-pass filter; 

Rg. 65 is a graph showing an MTF curve obtained on the longer focal length side of the photographing optical sys- 
tem according to Embodiment 8, which is not provided with an optical low-pass filter; 

Rg. 66 is a view showing a wavefront aberration obtained on a shorter focal length side of a photographing optical 
system according to Embodiment 9; 
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Rg. 97 is a graph showing an MTF curve obtained on the shorter focal length side of the photographing optical sys- 
tem according to Embodiment 12; 

Fig. 98 is a view showing the contour lines of the shape of an optical low-pass filter according to Embodiment 13; 
Fig. 99 is a view showing the variation in shape of the optical low-pass filter according to Embodiment 13, relative 
5 to the rotational direction of the optical low-pass filter; 

Rg. 1 00 is a view showing a wavef ront aberration obtained on a shorter focal length side of the photographing opti- 
cal system according to Embodiment 13; 

Rg. 101 is a view showing a relative point spread obtained on the shorter focal length side of the photographing 
optical system according to Embodiment 13; 
10 Rg. 102 is a view showing a relative line spread obtained on the shorter focal length side of the photographing opti- 
cal system according to Embodiment 13; 

Rg. 103 is a graph showing an MTF curve obtained on the shorter focal length side of the photographing optical 
system according to Embodiment 13; 

Rg. 104 is a view showing a wavef ront aberration obtained on a longer'focal length side of the photographing opti- 
75 cal system according to Embodiment 13; 

Rg. 1 05 is a view showing a relative point spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 13; 

Rg. 1 06 is a view showing a relative line spread obtained on the longer fbcal length side of the photographing opti- 
cal system according to Embodiment 13; > 
20 Rg. 1 07 is a graph showing an MTF curve obtained on the longer focal length side of the photographing optical sys- 
t m according to Embodiment 13; 

Rg. 108 is a view showing a wavefront aberration obtained on a shorter focal length side of a photographing optical 
system according to Embodiment 14; 

Rg. 109 is a view showing a relative point spread obtained on the shorter focal length side of the photographing 
25 optical system according to Embodiment 14; 

Rg. 1 1 0 is a view showing a relative line spread obtained on the shorter focal length side of the photographing opti- 
cal system according to Embodiment 14; 

Rg. 111 is a graph showing an MTF curve obtained on the shorter focal length side of the photographing optical 
system according to Embodiment 14; \ 
jo Rg. 1 12 is a view showing a wavefront aberration obtained on a longer focal length side of the photographing opti- 
cal system according to Embodiment 14; 

Rg. 1 13 is a view showing a relative point spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 14; . 
Rg. 1 1 4 is a view showing a relative line spread Obtained on the longer focal length side of the photographing opti- ' 
35 cal system according to Embodiment 14; 

Rg. 1 1 5 is a graph showing an MTF curve obtained on the longer focal length side of the photographing optical sys- 
tem according to Embodiment 14; 

Rg. 1 1 6 is a view showing a wavefront aberration obtained on a shorter focal length side of a photographing optical 
system according to Embodiment 15; 
40 Rg. 117 is a view showing a relative point spread obtained on the shorter focal length side of the photographing 
optical system according to Embodiment 15; 
1 Rg. 1 1 8 is a view showing a relative line spread obtained on the shorter focal length side of the photographing opti- 
cal system according to Embodiment 15; 

Rg. 119 is a graph showing an MTF curve obtained on the shorter focal length side of the photographing optical 
45 system according to Embodiment 15; > 

Rg. 120 is a view showing a wavefront aberration obtained on a longer focal length side of the photographing opti- 
cal system according to Embodiment 1 5; 

Fig. 1 21 is a view showing a relative point spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 15; 
so Rg. 122 is a view showing a relative line spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 15; 

Rg. 1 23 is a graph showing an MTF curve obtained on the longer focal length side of the photographing optical sys- 
tem according to Embodiment 15; 

Rg. 124 is a diagrammatic view showing the essential portion of a photographing optical system according to 
55 Embodiment 16; 

Rg. 125 is a view showing a wavefront aberration of the photographing optical system according to Embodiment 
16; 

Rg. 1 26 is a view showing a relative point spread of the photographing optical system according to Embodiment 1 6; 
Fig. 127 is a view showing a relative line spread of the photographing optical system according to Embodiment 16; 
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system according to Embodiment 20; 

Fig. 161 is a view showing a wavefront aberration obtained on a longer focal length side of the photographing opti- 
cal system according to Embodiment 20; 

Fig. 162 is a view showing a relative point spread obtained on the longer focal length side of the photographing op*- 
5 cal system according to Embodiment 20; 

Fig. 163 is a view showing a relative, line spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 20; 

Fig. 1 64 is a graph showing an MTF curve obtained on the longer focal length side of the photographing optical sys- 
tem according to Embodiment 20; 
10 Fig, 165 is a view showing a wavefront aberration obtained on a shorter focal length side of a photographing optical 
system according to Embodiment 21 ; 

Fig. 166 is a view showing a relative point spread obtained on the shorter focal length side of the photographing 
optical system according to Embodiment 21 ; 

Fig. 167 is a view showing a relative line spread obtained on the shorter focal length side of the photographing opti- 
15 cal system according, to Embodiment 21; 

Fig. 168 is a graph showing an MTF curve obtained on the shorter focal length side of the photographing optical 
system according to Embodiment 21 ; 

Fig. 169 is a view showing a wavefront aberration obtained on a longer focal length side of the photographing opti- 
cal system according to Embodiment 21 ; 
20 Fig. 1 70 is a view showing a relative point spread obtained on the longer focal length side of the photographing opti- 
, cal system according to Embodiment 21 ; 
Fig. 1 71 is a view showing a relative line spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 21 ; 

Fig. 1 72 is a graph showing an MTF curve obtained on the longer focal length side of the photographing optical sys- 
•25 tern according to Embodiment 21 ; 

; Fig. 173 is a view showing a wavefront aberration obtained on a shorteV focal length side of a photographing optical 

system according to Embodiment 22; f 

Fig. 174 is a view showing a relative point spread obtained on the shorter focal length side of the photographing 
optical system according to Embodiment 22; 
30 Fig. 1 75 is a view showing a relative line spread obtained on the shorter focal length side of the photographing opti- 
cal system according to Embodiment 22; 

Fig. 176 is a graph showing an MTF curve obtained on the shorter focal length side of the photographing optical 
system according to Embodiment 22; 

Rg. 177 is a view showing a wavefront aberration obtained on a longer focal length side of the photographing opti- 
35 cal system according to Embodiment 22; 

Rg. 1 78 is a view showing a relative point spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 22; 

Rg. 1 79 is a view showing a relative line spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 22; 
40 Rg. 1 80 is a graph showing an MTF curve obtained on the longer focal length side of the photographing pptical sys- 
tem according to Embodiment 22; 

' Rg. 181 is a view showing a wavefront aberration obtained on a shorter focal length side of a photographing optical: 
system according to Embodiment 23; 

Rg. 1 82 is a view showing a relative point spread obtained on the shorter focal length side of the photographing 
45 optical system according to Embodiment 23; 

Rg. 1 83 is a view showing a relative line spread obtained on the shorter focal length side of the photographing opti- 
cal system according to Embodiment 23; 

Fig. 184 is a graph showing an MTF curve obtained on the shorter focal length side of the photographing optical 
system according to Embodiment 23; 
so Rg. 185 is a view showing a wavefront aberration obtained on a longer focal length side of the photographing opti- 
cal system according to Embodiment 23; 

Rg. 1 86 is a view showing a relative point spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 23; 

Rg. 187 is a view showing a relative line spread obtained on the longer focal length side of the photographing opti- 
55 cal system according to Embodiment 23; 

Rg. 1 88 is a graph showing an MTF curve obtained on the longer focal length side of the photographing optical sys- 
tem according to Embodiment 23; 

Rg. 189 is a view showing the contour lines of the shape of an optical low-pass filter according to Embodiment 24; 
Rg. 190 is a view showing the variation in shape of the optical low-pass filter according to Embodiment 24, relative 
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Fig. 220 is a graph showing an MTF curve obtained on the shorter focal length side of the photographing optical 
system according to the second example of Embodiment 26; 

Fig. 221 is a view showing the contour lines of the shape of an optical low-pass filter according to Embodiment 27; 
Fig. 222 is a cross-sectional view showing the shape of the optical low-pass fiHer according to Embodiment 27; 
5 Fig. 223 is a view showing a wavefront aberration obtained at F1 .65 on a shorter focal length side of a photograph- 
ing optical system according to Embodiment 27; 

Fig. 224 is a view showing a relative point spread obtained at F1 .65 on the shorter focal length side of the photo- 
graphing optical system according to Embodiment 27; 

Fig. 225 is a view showing a relative line spread obtained at F1.65 on the shorter focal length side of the photo- 
10 graphing optical system according to Embodiment 27; 

Fig. 226 is a graph showing an MTF curve obtained at F1 .65 on the shorter focal length side of the photographing 
optical system according to Embodiment 27; 

Fig. 227 is a view showing a wavefront aberration obtained at F2.8 on the shorter focal length side of the photo- 
graphing optical system according to Embodiment 27; 
is Fig. 228 is a view showing a relative point spread obtained at F2.8 on the shorter focal length side of the photo- 
graphing optical system according to Embodiment 27; 

Fig. 229 is a view showing a relative line spread obtained at F2.8 on the shorter focal length side of the photograph- 
ing optical system according to Embodiment 27; * ' 
Fig. 230 is a graph showing an MTF curve obtained at F2.8 on the shorter focal length $ide of the photographing 
20 optical system according to Embodiment 27; » 

Fig. 231 is a view showing a wavefront aberration obtained at F5.6 on the shorter focal length side of the photo- . 
graphing optical system according to Embodiment 27; ^ 

Fig. 232 is a view showing a relative point spread obtained at F5.6 on the shorter focal length side of the photo- 
) graphing optical system according to<Embodiment 27; 
25 Fig. 233 is a view showing a relative line spread obtained at F5.6 on the shorter focal length side of the photograph- 
ing optical system according to Embodiment 27; 

Fig. 234 is a graph showing an MTF curve obtained at F5.6 on the shorter focal length side of the photographing 
optical system according to Embodiment 27; 

Fig. 235 is a view showing a wavefront aberration obtained on a shorter focal length side of a photographing optica! 
30 system according to Embodiment 28; 

Fig. 236 is a view showing a relative point spread obtained on the shorter focal length side of the photographing 
optical system according to Embodiment 28; 

Fig. 237 is a view showing a relative line spread obtained on the shorter focal length side of the photographing opti- 
cal system according to Embodiment 28; 
35 Fig. 238 is a graph showing an MTF curve obtained on the shorter focal length side of the photographing optical 
system according to Embodiment' 28; ) 

Fig. 239 is a view showing a wavefront aberration obtained on a longer focal length side of the photographing opti- 
cal system acpording to Embodiment 28; 

Fig. 240 is a view showing a relative point spread obtained on the longer focal length side of the photographing opti- 
40 cal system according to Embodiment 28; 

Fig. 241 is a view showing a relative line spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 28; 

Ftg. 242 is a graph showing an MTF curve obtained on the longer focal length side of the photographing optical sys- 
tem according to Embodiment 28; ' 
45 Fig. 243 is a view showing a wavefront aberration obtained on a shorter focal length side of a photographing optical 
system according to Embodiment 29; 

Fig. 244 is a view showing a relative point spread obtained on the shorter focal length side of the photographing 
optical system according to Embodiment 29; 

Fig. 245 is a view showing a relative line spread obtained on the shorter focal length side of the photographing opti- 
50 cal system according to Embodiment 29; 

Fig. 246 is a graph showing an MTF curve obtained on the shorter focal length side of the photographing optical 
system according to Embodiment 29; 

Fig. 247 is a view showing a wavefront aberration obtained on a longer focal length side of the photographing opti- 
cal system according to Embodiment 29; 
55 Fig. 248 is a view showing a relative point spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 29; 

Fig. 249 is a view showing a relative line spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 29; 

Fig, 250 is a graph showing an MTF curve obtained on the longer focal length side of the photographing optical sys- 
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tem according to Embod.ment 29 photographing optical system according to Embodiment 30; 

Fig. 251 is a view ^^^''^f^^^^I^SS^ optical system according to Embodiment 30; 

Fig. 253 is a view showing a relate ^^^^S^SSS^ to Embodim6nt 3 ° : , 

ng'S^Tvilwshowingarelative Hne spread olthe photograph optica, system according to the first example 
£1£?SS showing an MTF curve of the photographing optica, system according to the first exam P .e of 
SJSSISL showing a wavefront aberration of a photographing optica, system according to a second exam- 
£ *£?T£! sh^ng a re.at,e point spread of the photographing optica, system according to the second 
F^-v^ 

St^gZnsnU an MTF curve of the photographing optica, system according to the second examp.e 
of Embodiment 31 ; ,~#irai inw-nass filter according to Embodiment 32; 

. Fig. 264 is a cras-soJional »ie« she.™ «» **» * Mn accords to Ent>««mem 32: 

^O^Z ISSTSbS P.*". spreao ob^ad on tha *-* **« *" 01 ** ph '* W '* 9 

a^o^SS™ MM on I. shorta, »* «. 0, th. photogrcphlng op«=al 
F^SfS aben^ion oota.*d on a tan*, local fcn* -.of*, phoning 

r s S ^a^K^SS- oaainad « eW W»**«« pho^aphi™, op* 
tem according to Embodiment 33; low-pass fitter according to Embodiment 34; 

STSdT. ahoS^" point ap-aad obtained on tha -«wr .oca. «n*h «. d -he photos**,. 
%*£Z rS^SSS obtain*, on tha ate., tooal iang* sHa o. t» phowhh, opto. 
StSJSSCSS*-"- obtanedontha .onoertcca. .ang* saeotthaphoK^pKngo,* 
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cal system according to Embodiment 34; 

Fig. 286 is a graph showing an MTF curve obtained on the longer focal length side of the photographing optical sys- 
tem according to Embodiment 34; 

Fig. 287 is a view showing a wavefront aberration obtained on a shorter focal length side of a photographing optical 
5 system according to Embodiment 35; 

Fig. 288 is a view showing a relative point spread obtained on the shorter focal length side of the photographing 
optical system according to Embodiment 35; 

Fig. 289 is a view showing a relative line spread obtained on the shorter focal length side of the photographing opti- 
cal system according to Embodiment 35; 
10 Fig. 290 is a graph showing an MTF curve obtained on the shorter focal length side of the photographing optical 
system according to Embodiment 35; 

Fig. 291 is a view showing a wavefront aberration obtained on a longer local length side of the photographing opti- 
cal system according to Embodiment 35; 

Rg. 292 is a view showing a relative point spread obtained on the longer focal length side of the photographing opti- 
15 cal system according to Embodiment 35; 

Rg. 293 is a view showing a relative line spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 35; K 

Rg. 294 is a graph showing an MTF curve obtained on the longer focat length side of the photographing optical sys- 
tem according to Embodiment 35; 
20 Rg. 295 is a view showing a wavefront aberration obtained on a shorter focal length side of a photographing optical 
system according to Embodiment 36; 

Rg. 298 is a view showing a relative point spread obtained on the shorter focal length side of the photographing 
optical system according to Embodiment 36; 

Rg. 297 is a view showing a relative line spread obtained on the shorter focal length side of the photographing opti- 
25 cal system according to Embodiment 36; 

Rg. 298 is a graph showing an MTF curve obtained on the shorter focal length side of the photographing optical 
system according to Embodiment 36; 

Rg. 299 is a view showing a wavefront aberration obtained on a longer focal length side of the photographing opti- 
cal system according to Embodiment 36; 
30 Rg. 300 is a view showing a relative point spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 36; 

Rg. 301 is a view showing a relative line spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 36; 

Rg. 302 is a graph showing an MTF curve obtained on the longer focal length side of the photographing optical sys- 
35 tem according to Embodiment 36; 

v Rg. 303 is a view showing a wavefront aberration of a photographing optical system accordingto Embodiment 37; 

Rg. 304 is a view showing a relative point spread of the photographing optical system according to Embodiment 37; 

Fig. 305 is a view showing a relative line spread of the photographing optical system according to Embodiment 37; 

Rg. 306 is a graph showing an MTF curve of the photographing optical system according to Embodiment 37; 
40 Rg. 307 is a view showing a wavefront aberration of a photographing optical system according to a first example of 

Embodiment 38; » , x r 

Rg. 308 is a view showing a relative point spread of the photographing optical system according to the first example 

of Embodiment 38; ' 

Rg. 309 is a view showing a relative line spread of the photographing optical system according to the first example 
45 f Embodiment 38; 

Rg. 310 is a graph showing an MTF curve of the photographing optical system according to the first example of 
Embodiment 38; 

Fig. 311 is a view showing a wavefront aberration of a photographing optical system according to a second exam- 
ple of Embodiment 38; 

so Rg. 312 is a view showing a relative point spread of the photographing optical system according to the second 
example of Embodiment 38; 

Rg. 313 is a view showing a relative line spread of the photographing optical system according to the second exam- 
pi of Embodiment 38; 

Fig. 314 is a graph showing an MTF curve of the photographing optical system according to the second example 
55 of Embodiment 38; 

Rg. 315 is a view showing the contour lines of the shape of an optical low-pass filter according to Embodiment 39; 
Rg. 316 is a cross-sectional view showing the shape of the optical low-pass filter according to Embodiment 39. 
Fig. 317 is a view showing a wavefront aberration of a photographing optical system according to Embodiment 39; 
Rg. 31 8 is a view showing a relative point spread of the photographing optical system according to Embodiment 39; 
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Fig. 350 is a view showing a wavefront aberration obtained on a longer focal length side of the photographing opti- 
cal system according to Embodiment 42; 

Fig. 351 is a view showing a relative point spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 42; . ~" 
5 Fig. 352 is a view showing a relative line spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 42; 

Fig. 353 is a graph showing an MTF curve obtained on the longer focal length side of the photographing optical sys- 
tem according to Embodiment 42; 

Fig. 354 is a view showing a wavefront aberration obtained on a shorter focal length side of a photographing optical 
1 o system according to Embodiment 43 ; 

Fig. 355 is a view showing a relative point spread obtained on the shorter focal length side of the photographing 
optical system according to Embodiment 43; 

Fig. 356 is a view showing a relative line spread obtained on the shorter focal length side of the photographing opti- 
cal system according to Embodiment 43; 
75 Fig. 357 is a graph showing an MTF curve obtained on the shorter focaj length side of the photographing optical 

systenr\a<icording to Embodiment 43; , ' . , 

Fig. 353 is a view showing a wavefront aberration obtained on a longer focal length side of the photographing opti- 
cal system according to Embodiment 43; > 

Fig. 359 is a view showing a relative point spread obtained on the longer focal length side of the photographing opti- i 

20 cal^system according to Embodiment 43; ■ • 

Fig. 360 is a view showing a relative line spread obtained on the' longer focal length side of the photographing opti- 
cal system according to Embodiment 43; ) ? 
Fig. 361 is a graph showing an MTF curve obtained on the longer focal length side of the photographing optical sys- 
tem according to Embodiment 43; 

25 Fig. 362 is a view showing the contour lines of the shape of an optical low-pass filter according to Embodiment 44; 
Fig. 363 is a view showing a wavefront aberration obtained at F1 ^65 on a shorter focal length side of a photograph- 
ing optical system according to Embodiment 44; 

Fig. 364 is a view showing a relative point spread obtained at F1.65 on the shorter focal length side of the photo- 
graphing optical system according to Embodiment 44; 
30 Fig. 365 is a view showing a relative line spread obtained at F1 .65 on the shorter focal length side of the photo- 
graphing optical system according to Embodiment 44; 

Fig. 366 is a graph showing an MTF curve obtained at F1 .65 on the shorter focal length side of the photographing 
optical system according to Embodiment 44; 

Fig. 367 is a view showing a wavefront aberration obtained at F2.8 on the shorter focal length side of the photo- 

35 graphing optical system according to Embodiment 44; 

Fig. 368 is a view showing a relative point spread obtained at F2.8 on the shorter focal length side of the photo- 
graphing optical system according to Embodiment 44; 
5 Rg. 369 is a view showing a relative line spread obtained at F2.8 on the shorter focal length side of the photograph- 
ing optical system according to Embodiment 44; , 

40 Fig. 370 is a graph showing an MTF curve obtained at F2.8 on the shorter focal length side of the photographing 
optical system according to Embodiment 44; 

Fig. 371 is a view showing a wavefront aberration obtained at F5.6 on the shorter focal length side of the photo- 
graphing optical system according to Embodiment 44; 
, Fig. 372 is a view showing a relative .point spread obtained at F5.6 on the shorter focal length side of the photo- 
45 - graphing optical system according ^Embodiment 44; \ > 

I Fig. 373 is a view showing a relative line spread obtained at F5.6 on the shorter focal length side of the photograph- 
ing optical system according to Embodiment 44; 

Fig. 374 is a graph showing an MTF curve obtained at F5.6 on the shorter focai length side of the photographing 
optical system according to Embodiment 44; 
so Fig. 375 is a view showing a wavefront aberration obtained at F1 .65 on a longer focal length side of the photograph- 
ing optical system according to Embodiment 44; 

Fig. 376 is a view showing a relative point spread obtained at F1.65 on the longer focal length side of the photo- 
graphing optical system according to Embodiment 44; 

Fig. 377 is a view showing a relative line spread obtained at F1 .65 on the longer focal length side of the photograph- 
55 ing optical system according to Embodiment 44; 

Rg. 378 is a graph showing an MTF curve obtained at F1 .65 on the longer focal length side of the photographing 
optical system according to Embodiment 44; 

Rg. 379 is a view showing a wavefront aberration obtained on a shorter focal length side of a photographing optical 
system according to Embodiment 45; 
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to Embodiment 46; R 65 of photographing optical system accordmg to 

Fig 391 is a view showing the relatrve line spread at M.a v 

Embodim e nt46; 65 ^ photographin g optica, system according to Embod.ment 

Fiq 392 is a view showing the MTF curve air i.o k 

is not provided with an optical low-pass f iter ; ripformation of a surface n which occurs during molding; 

Rg 4oV,saviewsh^^ 

Fig. 405 is a view showing in contour ne an examge o *tomj* Qf an jnner refractive ,ndex wh,ch 

Fig 406 is a view showing in contour line an example ot non u 

occurs during molding; imiwrttted wavefront obtainable when the amounts of errors 

r1 according to Embodiment 47; an optical low-pass filter according to Entoodiment 48. 

cal system according to Embodiment 48; 
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Fig. 414 is a graph showing an MTF curve obtained on the shorter focal length side of the photographing optical 
system according to Embodiment 48; 

Fig. 415 is a view showing a wavefront aberration obtained on a longer focal length side of the photographing opti- 
cal system according to Embodiment 48; 
5 Fig. 41 6 is a view showing a relative point spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 48; 

Fig. 417 is a view showing a relative line spread obtained on the longer focal length side of the photographing opti- 
cal system according to Embodiment 48; 

Fig. 41 8 is a graph showing an MTF curve obtained on the longer focal length side of the photographing optical sys- 
10 tern according to Embodiment 48; 

Fig. 41 9 is a view showing in contour line the deviation of a surface r1 4 from the spheric shape thereof, a shape for 
correcting the amount of error and a low-pass shape being added to the surface r14 according to Embodiment 48; 
and 

Fig. 420 is a diagrammatic view showing the essential portion of an optical apparatus which includes a photograph- 
15 ing optical system according to any of the embodiments of the present invention. 

, DETAILED DESCRIPTION OF THE INVENTION 1 

\ 

(Embodiment 1) 

20 ) ' > t 

Fig. 2 is a view aiding in describing the coordinate system of an image plane. 

In the present embodiment, as shown in Fig. 2, an amplitude distribution obtainable when a point image is sepa- 
rated into four point images in an image plane is expressed as the following cylindrical coordinate system: 

25 U(r,e)=U(r) xcos(20 + 5), ; (1) 

where 8 is a constant. } ;> ' ;* 4 

The shape of an optical low-pass filter which is represented by a cylindrical coordinate system is obtained from the 
shape of a wavefront (aberration) which gives that amplitude distribution. 
30 The procedure for obtaining the shape of such optical low-pass filter will be described below. First of all, the shape 
of an optical low-pass filter which is represented by the cylindrical coordinate system shown in Rg. 3 is expressed as: 

S(p,<|>) = A x R(p) x cos(m<|> + 8), (2) 

v \ 
35 where A and 8 are constants, p (0 £ p <, 1) is a coordinate system relative to a radial direction of the optical low-pass 
filter, which Coordinate system is standardized on a radius "a" of the optical low-pass filter, R(p) is the radial shape of 
the optical low-pass filter, $ (0 £ <j> £ 2*) is a coordinate system relative to the rotational direction of the optical low-pass 
filter, and m is defined as m = 2, 3, 4, • • • (an integer) on the basis of the periodicity of the optical low-pass filter relative 
to the rotational direction. In the present embodiment, 8 = 0., „ 
40 Letting n be the refractive index of the optical low-pass filter, a wavefront aberration to be given to a transmitted 

wavefront by the aforesaid shape is expressed as: 
*' s 

W(p,«-S(p.«x(l-n) I ' , (3) 

= A' x R(p) x cos(m<J>), 

45 ; ' i 

where A* = (1 - n)A. 

It is known that an amplitude distribution in an image plane due to a wavefront having such wavefront aberration is 
obtained by the diffraction integral of a pupil function. As can be seen from "Principles of Optics" written by M. Born and 
E. Wolf, the diffraction integral becomes: 

so 

U(U, V, 9) « Cj J e»tkA'R(p)cos(m*)-vpcos(^G)-1 up 2 ) pdpd(|>( (4) 
0 0 

55 where C is a constant, k is a wave number ( k = 2%lx ), X is a wavelength, and (u, v, 0) are standardized cylindrical coor- 
dinates in the image plane, in representing a coordinate axis relative to the direction of an optical axis, v representing 
a coordinate axis relative to a radial direction, and 0 representing a coordinate axis relative to a rotational direction. 
If an object is at infinity, the following relation is established between v and actual coordinates: 
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v = 7trA.F, 



(5) 



I2ir 



U(v, e) = cj f e 



i{hA'R(p)cos(m+)-vpco6(^u)} pC | pd( j ) 



(6) 



0 0 



, 0 , n accordance with § 9.4 of "Principles of Optics". Expression (6) is 



re-written as follows by using the Jacobi identity : 



CO CO 



U(v;.e) = 4Cj I J ( 

s=0 s'=0 



.^-i)*')' | o I "j s{ kA-R(p)>J S '(vp)cos(ms<|))cos{s'(<t>-6)}pdpd<|, , 

(7) 



15 



; i c /v\ a Bessel function of the first kind. 

20 oo 

/ e)=4Cj l (-i) (m " 1)s c° s ( ms6 >l! Js{kA , R(p)> J ^( v P)P d P 



U(v. 
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= 4C[i [j 0 {kA , R(p)>Jo(vp)pdp 
+ (-O^-^cos (me)[ji{kA'R(p)>Jm(vp)pdp 
+ ( -i)2C«-«cos (2m8)[]j 2 {kA , R(p)>J2m(vp)pdp 
+ ( -i)3('«- 1 )cos (3m8)[;j 3 {kA'R(p)}J3 I n(vp)pdp 



+■••]. 



(8) 



55 



Lris (or intensity) distribution occurs wrth a period of cos (me) n jne ro ^ contjnuously , n the 

can be seen that H an ^.^^JSSSX^^ some 01 me ^ t£> 
rotaSS direLn of its opening portion ^^^^^SSSSS *ys so aVto advance the phase of the wave, 
St a phase advancing action on the "«^^J^{JL*S at the center of the opening pomand 
font of the incident pencil of rays wrth respect to **MPjse ot ™ inddeni •„ ^ rays so as to retard 

SoL areas serving to exert a phase retarding actor ™ ^ ^ wavefrort at the center of the 
to chase of the wavefront of the incident pencil of rays wrth respect to the p ^ g phase var , a . 

r p e eS^.thewavefro = 

P Th ec*!^ 



S(p,*)=Ax R(p)xCOS(2«. 



(9) 
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The amplitude distribution expressed by Expression (8) is: 



U(v, 9) = 4C(ljj 0 {kA'R(p)}J 0 (vp)pdp -i cos 2ejj ,{kA'R(p))J 2 (vp)pdp 

do) 

-cos40|J 2 {kA'R(p)}J 4 (vp)pdp +icos6eJJ 3 {kA , R(p)}J 6 (v P )pdp + * * ■ 



10 It can be considered that if the amount of aberration (W) is small, almost all integral values are contained in the first 
several terms of Expression (10) and the integral of the second term substantially represents the spread of the ampli- 
tude (= U x IT) which is produced periodically in the rotational direction in the image plane. Therefore, the radial shape 
R(p) of the optical low-pass filter may be determined so that the absolute value of the integral of the second term of 
Expression (10) reaches its maximum value in the neighborhood of a predetermined position vc determined by the pix- 

rs els of an image pickup element, for example, a CCD: 



/ Jj^kA'RfpJJJ^vpJpdp 



(11*) 



If the pitch of the pixels of the CCD is p, the cutoff frequency of a luminance signal, which is required for the CCD, 
is fc = 1/(2p) , and a distance dc by which point images are separated from each other in the pixel-array direction of the 
CCD by the optical low-pass filter becomes: 

25 , dc= 1/(2 x fc) =p. s (12) 

\ ' \ ' \ 

If the direction of separation of the point images intersects the pixel-array direction of the CCD as shown in Fig. 4, 
the following relation is obtained: 

30 rc=dc/2. (13) 

If the direction of separation of the point images intersects the pixel-array direction of the CCD as shown in Fig. 5, 
the following relation is obtained: 

35 rc=dc • (V2/2). (14) 

Thus, vc in Expression (1 1 ) is obtained. 

The integral of Expression (1 1) can reach its maximum when v = vc on the condition that: 

40 [ J^kA'RCpJJ^vcp). (15) 

tf Expression (1 5) is satisfied, the.optical low-pass filter according to the present invention can make MTF approx- . 
imately zero at a predetermined spatial frequency even in a case where an aperture diameter varies according to pho- 
. tographing conditions. 

45 In the low-pass filter according to the present invention, if a direction in which its phase advancing or retarding 
action is large is inclined in the range of 30° to 60°, most preferably by an angle of 45° t with respect to the direction of 
array of pixels of the CCD, a line spread relative to a direction perpendicular to the direction of array of pixels of the CCD 
is averaged, so that the low-pass effect of the low-pass filter can be effectively improved. 

The low-pass filter according to the present invention can be formed to have a complex curved shape, by molding 
so a synthetic resin material (plastic material) such as acrylic resin or a glass material, or by forming such a synthetic resin 
material on a glass substrate. 

One surface of a plane-parallel plate to be provided in the vicinity of the stop may he formed to have such a shape, 
or the shape may he separated into two cylindrical shapes into which to form two surfaces, respectively. 

If the shape of the optical low-pass filter according to the present invention is added to a surface of a lens which 
55 constitutes part of the photographing optical system, it is possible to realize an optical element having both the function 
of a lens and the function of an optical low-pass filter. 

The optical low-pass filter according to the present invention may he formed in part of a variable-transmittance stop 
which is formed by an EC liquid crystal or the like and whose transmittahce varies. 

In addition, the shape of the optical low-pass filter according to the present invention may he formed in part of an 
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ton. However, if the optic* ^^^^^^^^ <*■ * ^ ** ***"■" ° f ^ 

pass filter, it is possible to cope with ^S^-pass filter according to the present invention can be 

the crystal optical low-pass f .Iter. having different specrfications. 

applied to various optical apparatuses using I differed .mage p cwjp e ^ set ^ MTF o( an , mage 

" g *Te "£SI^^~~ M por8on ° f 8 Ph0, ° 9raphin9 ° Pfcal SyStem " 3PParatUS 
which employs an optical '^"""E^ which constitute an image forming optical sys- 

The shown photographing ^V^^J^^S* power, the .enses L4 to L6 constitute a second 
tem. The lenses L1 to 13 constitute a M ^^^SSL, unit of positive refractive power, and the lenses 

the optical axis. " , . . . „ nrx ii ra \ low-nass filter 1 according to Embodiment 1 of 

* L shown photographing optioa. system also nncludes a optic* I ta-P-J « ^ cCD (jmage pjckup e)e . 

the present invention, a stop 2. and an rt»d euHJrJ . RJjrjw « fe ^ fc ^ 

ment). The optica, low-pass filter 1 . PT'^^^^S «i provide an effective low-pass effect, 
wavefronts of various pencils of rays ^mg^ent ^££1%. aLncing/retarding action on the phase of 

dented to a maximum degree. according to Embodiment 1 of the present .nvention is 

As shown in Fig. 7. if the shape of * e «^ , ^;^^ eB £ ndB to the center of the opening portion, the 
represented in a cylindrical coordinate system •» ^'"^^SaV direction from a portion having a phase 
s^pe of the optical low-pass fitter ^^^^ marked v, to a portion having a phase 

advancing action on the phase of an incident «^ erf i me of the portions marked V). 
retarding action on the phase of the ^J^^S^^n portions each having a phase advancing 
, The acting surface of the optical '^^^^^'^ r, example, in the case of an acting surface 
action and two or more portions each havrng a J« and one portion having a phase reading 

which is only provided with one portion J^J^fSS'f £g e amount °f slope component, so that the 
action as shown in Fig. 8. the shape of the acting surface ^™ ^ 9 eflecfiwly separated into point images, 
image in an image plane is only deviated ,n ^'* r acttons <* ° n ' y POrt0nS 

45 below: 

(16) 

Si(p,4») = A1 x R1(p) xcos(2<|>) ( 

where 

50 R 1(p )o (2.622p - 1.140p 2 )X. 0£ P £1. 0^2*. (17) 

The lira numerical example ol me optical lo»-passMer i^-pass filter, in the eat pupa ol en 
*«. su* as that in R» 1 1 *^*»^ * C^tST» apan »om one 
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of the optical low-pass filter, and Fig. 14 shows the MTF curve of the first numerical example of the optical low-pass fil- 
ter. 

Fig. 15 shows contour lines which represent the.shape of the acting surface of a second numerical example of the 
optical low-pass filter according to Embodiment 1. This shape is expressed as the following expression: 

5 

S2(p,4>) = A2 x R2(p) x COS(2<|>) ( (18) 

where 

10 R2(p) = (3.534p + 2.867p 2 - 13.267p 3 - 7.079p 4 + 12.737p 5 )A,, 0£p<1, 0^2tc. (19) 

In the second numerical example, portions which has phase advancing actions on the phase of an incident wave- 
front and portions which has phase retarding actions on the phase of the incident wavefront are provided in the radial 
direction as well. The cross-sectional shape of the acting surface of the second numerical example for <j» = 0 is shown 
15 in Fig. 16. The radial shape of the second numerical example must be such that the region of high-frequency compo- 
n rrts to be cut off does not vary with a variation in the F number^ of the photographing optical system. Fqr this reason, 
it is desirable to use a notilinear radial shape such as that shown in Fig. 15. j 

Fig. 1 7 shows the contour lines of a wavefront aberration in the exit pupil of the second numerical example, and Fig. 
18 shows the contour lines of the poipt spread in its image plane. Fig. 19 shows the line spread obtained by performing 
20 an addition in a direction perpendicular to the pixel-array direction of a CCD, which is obtained in the image plane at 
F1.65. Figs. 20 and 21 are MTF curves for F1.65 arid F5.6, respectively. \ 

The above description has been given on the assumption that the photographing optical system is composed of 
aberration-free lenses, but even if aberration is present in a lens of the photographing optical system, the effect of the 
pticai low-pass filter according to the present invention is not impaired. From the characteristics of the photographing 
25 optical system, letting <D the wavefront aberration of a lens system, a pupil function ho of the lens system and a pupil 
function hi of the optical low-pass filter become: 

hO = exp(i<D). ) (20) 

30 hi =exp(*iw(p, <)>)), (21) 

and a pupil function h of the entire system becomes 

h = h0xh1. ] (22) 

35 

Since an amplitude distribution U is obtained as a Fourier transform F of h, 

U = F(h) = F(h0 x hi) = F(hO)*F(ht), , (23) 

■ ; 40 where the operator * represents a convolution. Since F(h1) coincides with: the amplitude distribution due to each qf the 
optical low-pass fitters described previously, it is apparent that an equal low-pass effect is attained. 4 

The optical low-pass filter of the second numerical example expressed by Expressibn (1 8) may be added to a pho- 
tographing optical system having the wavefront aberration shown in Fig. 22. Fig. 23 shows the contour lines of a wave- 
front aberration inihe exit pupil of this example, and Fig. 24 shows the contour lines of the point spread in its image 
45 plana Figs. 25 and 26 are MTF curves for F1.65 and F5.6, respectively. Incidentally, in accordance with such calcula- 
tion results which take account of the wavefront aberration of the photographing optical system, the photographing opti- 
cal system is defocused along its optical axis so that the low-frequency component of its MTF reaches a maximum. 

Figs. 27 and 28 show the contour lines of different optical low-pass filters having different shapes in their rotational 
directions. 

so The respective shapes shown in Figs. 27 and 28 are expressed as: 

.S3(p,<i>) = A3 x R3(p) x cos(3<t>). (24) 
S4(p.<W = A4 x R4(p) x C0S(4<t»). (25) 

55 

From the integral of the second term of Expression (8), the optical low-pass filter expressed by Expression (24) has the 
spread characteristics of separating an image into six images in its image plane, while the optical low-pass filter 
expressed by Expression (25) has the spread characteristics of separating an image into eight images in its image 
plane. 



20 



BNSDOC1D: <EP 0701B46A2_L> 



EP 0 791 846 A2 



10 



15 



Anyof»ea b o V e.escr„^^^ 
direction («,) and in which portions havng ^^S^SS^m a shape which is asymmetrical and non- 
symmetric;! inshape. However, ^ Potions which exert phase advancing/retard-ng 
periodical as shown by contour lines m ^^^^^ wh ich represents the shape of such a surface 

(26) 

S( P 40 = XAm x Rm(p) x cos(m.». m = 1. 2, 3. • • • n, 
p ol the pftete o! Ihe CCD, the taction of «« i*»*aM»« S*ol lo have a limit value in the neiohbothood ol »c 

be^«™ 

resented by Expression (26). 
20 (Embodiment 2) i 

2 ' .nEmbc^as^eh^a^^ 

tion thereof is omitted herein tor the sake of ^ jn the vidnity of me stop 2. In 

30 can be expressed as follows: 

* S(p.« = Sp(p) + Asp(p) + Lp(p.W. 

rKentstheaxisvmmarkaas,*^ 

determined by Asp(p) + MX* t) of ^^^..^ as shown in Fig . 31. a surface having a low-pass effect ispro- 

UispossiWetaadc^an^er.^ 
vided at the location of a surface r2 of a lens la , wnema 



35 



40 



45 



50 



tion of the surface r1 of the lens L7" 
(Embodiment 3) 



55 



Doaimenx a; 

3 ln Embodiment 3. . -^r^.C.-S^— *T 
density element 5 which a** «■ *_ •^^S^KSsteB . stLute in which an EC Itauid c.ytW or 
is disposed in the «** ol the stop 2. The '^^^^^TOmelow-pasaelleaistoTOedon eHltetot the 
the like t hermetic* sealed between ^^^'^^^inaStuert elements whose functions are bas,- 



sake of simplicity. 
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(Embodiment 4) 

Fig. 33 is a diagrammatic view of the essential portion of a photographing optical system according to Embodiment 

4. 

5 In Embodiment 4, a surface having a low-pass effect is provided on an infrared cut-filter 30, and the infrared cut- 
filter 30 is disposed in the vicinity of the stop 2 of the photographing optical system. The surface having the low-pass 
effect may he prepared by forming a synthetic resin material having an infrared cutting function, such as that set forth 
in Japanese Laid-Open Patent Application No. Hei 6-1 18228, into a shape such as that stated in Embodiment 1, or by 
adding a shape, such as that stated in Embodiment 1, to a flat infrared cut-filter by using a material different from the 

10 material of the flat infrared cut-filter. In Fig. 33, identical reference numerals are used to denote constituent elements 
whose functions are basically identical to those of the corresponding ones of Embodiment 1 , and the description thereof 
is omitted herein for the sake of simplicity. 

(Embodiment 5) 

15 

Fig. 34 is a diagrammatic view of the essential portion of a photographing optical system according to Embodiment 
5. > . ^ 

In Emb&iment 5, surfaces which exert Rhase advancing/retarding actions on the phas^ of a wavefront are formed 
on the opposite sides of a flat plate made 'of a synthetic resin material such as acrylic resin, the flat plate being provided 
20 in th ' vicinity of the stop 2. The respective surfaces have cylindrical shapes as shown in Figs. 35 and 36 in contour line, 
x and the directions in which the respective surfaces have refractive powers are rotated 90° with respect to each other. 
1 . Fig. 37 shows a cross-sectional shape taken in the direction indicated by an arrow V in Fig. 35. 

Since the contour lines of the wavefront transmitted through an optical low-pass filter 10 is transformed as shown 
in Fig. 38 t the optical low-pass filter 10 of Embodiment 5 achieves an effect similar to the above-described optical low- 
25 pass filter 1 of Embodiment 1 . In Fig. 34, identical reference numerals are used to denote constituent elements whose 
, functions are basically identical to jthose of the corresponding ones of Embodiment 1. afnd the description thereof is 
omitted herein for the sake of simplicity. ' 

(Embodiment 6) 

30 » • f 

Fig. 39 is a diagrammatic view of the essential portion of a photographing optical system according to Embodiment 

fc. 

, In Embodiment 6, the acting surface of the optical low-pass filter 1 is provided in the vicinity of the stop 2, and a 
brystal plate 6 having inclined double refraction axes is provided in the photographing optical system. In Fig. 39, identi- 

35 cal ref rence numerals are used to denote constituent elements whose functions are basically identical to those of the 
corresponding ones of Embodiment 1 , and the description thereof is omitted herein for the sake of simplicity. 

The optical low-pass filter 1 principally cuts a high frequency component, and the crystal plate 6 sets the cutbff fre- 
quency required for a CCD. This arrangement enables the photographing optical system to be used with different CCDs 
each having a different number of CCDs. 

■40 Rgs. 40 and 41 show the respective MTF curves for optical cutoff frequencies of 1 10 lines/mm and 80 lines/mm in 
the above-describfed arrangement. In each of Rgs. 40 and 41 , a dotted curve represents the MTF curve of Embodiment 
6 which uses the optical low-pass filter 1 alone, while a solid curve represents the MTF curve of Embodiment 6 which 
uses the crystal plate 6 in addition to the optical low-pass fitter 1 . The range denoted by an arrow A represents a domain 
* in which a high-frequency suppression effect can be obtained, and symbol fc denotes the optical cutoff frequency deter- 

45 mined by the crystal plate 6. 

(Embodiment 7) 

Each of the embodiments 1 to 6 is arranged to provide a low-pass effect by giving a wavefront aberration to an ind- 
so dent p ncil of rays while the incident pencil of rays is passing through areas of different thicknesses of an optical low- 
pass filter. The wavefront aberration is caused by variations in the optical path length of the passing pencil of rays due 
to the different thicknesses of the respective areas of the optical low-pass filter. The optical path length is given by the 
product of the distance of the path traversed in a medium by a pencil of rays (thickness d) and the refractive index of 
the medium. Accordingly, not orily by making the thickness d different for each of the areas of the optical low-pass filter 
55 but also by making the refractive index different for each of the areas, it is possible to vary the optical path length and 
realize the optical low-pass filter according to the present invention. 

Embodiment 7 relates to an optical low-pass filter having different refractive indices for different areas. 

The gradient refractiv index of the optical low-pass filter of Embodiment 7 which is represented by a cylindrical 
coordinate system is obtained from the shape of a wavefront (aberration) which gives a point image spread such as that 



22 



BNSDOCID: <EP 0791846A2J_> 



EP 0 791 846 A2 



shown in Fig. 2. Hpscribed below. The gradient refractive index o1 

(28) 

N(p, <|>) = NO + Nr(p) x cos(m<t> + 8), 

' whereNOistherefractive^ 

direction of the optical low-pass f.lter Nr(p) 18 * 9**^ fitter, m is defined as m = 2. 3, 4. 

„ -!:^ 

give! i tS a transmmed wavefront by the aforesaid shape is expressed as: 

(29) 

. W(p,ct>) = Ax 8N(p,6) xd 

15 = Sx Nr(p) x cos(m+) xd 

= A' x Nr(p) x cos(mii). 

low-pass filter becomes: 

(30) 

5N(p.(t») = Nr(p) xcos(2<t>). 



25 



refractive index, is shown below: 

(31) 

N1(p.4>) = NO + Nr1(p) x cos(240. 



35 



AO 



30 where 

N1(p) = (2.184p - 0.949p 2 )X, 0<ip£t , (32) 

The gradient refractive index of the numerical a wavefront aberration, 

- Thenumerical exanpleof thecpt 

such as that shown in Fig. 43, which is an a, °9 0US J^ JSb® separated from one another .n 

optical system composed of aberration-free lenses^ ^^^^^ to high-frequency components 

to the optical low-pass filter. ... mkfiS ^ e optical path length of its pass- 

(Embodiment 8) 

erence numeral 4 denotes a CCD. 

Lens data for the photographing optical system are shown .n Table 1 . 
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Table 1 



i 5 





Surface 


Radius of 
Curvature 


Separation 


Refractive 
Index 


Abbe Number 


First Lens 
Unit 


1 


47.30490 


1.25000 


1.847 


23.9 


2 


24.99391 


4.90000 


1.603 


31.1 


3 


-422.44811 


0.20000 


1 




4 


22.00462 


2.77000 


1.697 


55.1 


5 


52.79733 


Dl 






i 

oeCOnu 
Lens Unit 


. 6 
t 


36.64051 


0.60000 


1.773 


49.6 


7 


5;72766 


v 2.89700 


1 




8 


-11.03929 


<1.50000 


1.530 


55.5 


9* 


9.01249 


1 06000 


1 




10 


12.47778 


1.50000 


1.847 


23.9 


11 


, 82.77610 


D2 


1 , 




Stop , 


12 


0.00000 


1.20000 


1 > 




Third Lens 
Unit 


13* 


14.31644 


3.40000 


1.530 


55.5 


14 


-30.92051 


D3 


1 




Fourth Lens 
Unit 


15 


11.08409 


0.80000 


1.847 


23.9 


16 


5.18699 


5.20000 


1.530 


55.5 


17* 


-18.46439 




1 





f 


4.12 


66.48 mm 


F number 


1;65 


2.84 


Dl 


0.950 


, 23.416 


D2 


23.716 


1.250 


D3 


7.938 


8.939 


2u> 


57.2* 


3.9' 



SO 



If the direction of the optical axis of the photographing optical system and a direction perpendicular to the optical 
axis ar respectively taken as a z-axis and an h-axis and the direction of propagation of light is taken as a positive direc- 
tion, each axisymmetrical aspheric surface of Embodiment 8 is expressed by the following expression: 

ss 2 

2 = — h /R + ah 4 + bh 6 + ch 8 +dh 10 , (33) 
Wl-(1+k)(h/R) 2 

where R is a radius of the osculating surface and k, a, b, c and d are aspheric coefficients. 
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Data 



for the respective aspheric surfaces are shown in Table 2. 



Table 2 



10 



15 



20 




pc, . second tens una haw* , nm>M "-«£J°!£ ° X^no, optical system I. amngtf t. var, its mag- 
S^SSTol Embodiment 8 « expressed b, the **>«<. ««««• 
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S(Pf w = ^ Am x Rm(p) x cos{m(<j> + 8m)}. m = 2, 6. 



10, 



(34) 



30 



35 



40 



45 



R2(p) = (a2p+b2p 2 +c2p )X. 

2 

R6(p) = (a6p +b6p )X, 



(35) 
(36) 

a, (37) 
R10(p) = (a10p+b10p )X~ 

Table 3 



A 2 = A 6 = A 10 = 1 


62 = 8 6 = S10= i 




a 2 = 8.1687 


ag = -0.0924 


a n0 = -0,0185 


62 = -13.925 


b 6 = -0.2358 


b 10 = -0.0472 


j c 2 = 7.5154 







50 



55 front aberration is: 

W(p,<|>) = S(p,*) * (1 -n). 



where n is the refractive index of the lens. 
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The wavefront aberration W(p, <(>) is expressed as: 



W(p t <t>) = X Am x Wrm (p) x cos{m((|> + 6m)}, (39) 

5 m 

where m is an integer and Am and 6m are constants. 

Figs. 50, 51 , 52 and 53 respectively show a wavefront aberration (X = 587.56 nm), a relative point spread (white), 
a relative line spread (white) and an MTF curve (white) which are obtained on a shorter focal length side of the photo- 

io graphing optical system including the optical low-pass fflter. Figs. 54, 55, 56 and 57 respectively show a wavefront aber- 
ration (X = 587.56 nm), a relative point spread (white), a relative line spread (white) and an MTF curve (white) which are 
obtained on a longer focal length side of such photographing optical system. Figs. 58, 59, 60 and 61 respectively show 
a wavefront aberration (X = 587.56 nm), a relative point spread (white), a relative line spread (white) and an MTF curve 
(white) which are obtained on a shorter focal length side of a photographing optical system including no optical low- 

15 pass filter (Table 1). Figs. 62, 63, 64 and 65 respectively show a wavefront aberration (X = 587.56 nm), a relative point 
spr ad (white), a relative line spread (white) and an MTF.curve (white) which are obtained on a longer focaMength side 
of such photographing optical system. 

As is apparent from the above description, the optical low-pass filter of Embodiment 8 produces a wavefront aber- 
ratiomanalogous to its shape to separate a point image into a plurality of point images in an image plane so, that the 

20 value of MTF can be effectively reduced over the range of spatial frequencies higher than a predetermined spatial fre- 
quency at which the value of MTF is made zero. The predetermined spatial frequency (cutoff frequency) at which the 
value of MTF is made zero is obtained from the pitch of the pixels of an image pickup element such as a CCD to be 
used. In Embodiment 8, the pixel pitch is 5 ^im, and the cutoff frequency is 100 lines/mm. 

) 

25 (Embodiment9) . 

In Embodiment 9, a shape for providing a low-pass effect is formed at a surface different from the surface r14. 

Embodiment 9 uses the same functional expressions that express the shape S(p, 4>) of the optical low-pass filter of 
Embodiment 8, and the coefficients used in Embodiment 9 are the same as those shown in Table 3, except for the coef- 
30 ficient Am (in Embodiment 9, A 10 = A e = A 2 = 0.92 ). The shape S(p, <(>) of the optical low-pass filter is added to an 
aspheric surface r1 3 located in the vicinity of the stop 2. Lens data are the same as those used in Embodiment 8. The 
shape of the optical low-pass filter of Embodiment 9 is such that the shape of the optical low-pass filter of Embodiment 
8 is squeezed by a small amount in the direction of the z-axis (optical axis). 

Figs. 66, 67, 68 and 69 respectively show a wavefront aberration (X = 587.56 nm), a relative point spread (white), 
35 a relative line spread (white) and an MTF curve (white) which are obtained on a shorter focal length side of the photo- 
graphing optical system including the optical low-pass filter. Figs. 70, 71 , 72 and 73 respectively show a wavefront aber- 
ration (X a 587.56 nm), a relative point spread (white), a relative line spread (white) and an MTF curve (white) which are 
obtained on a longer focal length side of such photographing optical system. 

As is apparent from the above description, the optical loW-pass filter may be added to any surface that is located in 
40 the vicinity of the stop 2. As shown in Fig. 74, a flat plate 5 which does not greatly affect the photographing optical sys- 
tem and to which the optical low-pass filter is added may be provided in the vicinity of the stop 2. 

(Embodiment 10) 

45 In Embodiment 10, the setting of the angle 6 is changed. 

Embodiment 10 uses the same functional expressions that express the shape S(p t <|>) of the optical low-pass filter 
of Embodiment 8, and the coefficients used in Embodiment 10 are the same as those shown in Table 3, except for the 
coefficient A (in Embodiment 10, A = 0.73). Lens data are the same as those used in Embodiment 8. 

Figs. 75, 76, 77 and 78 respectively show a wavefront aberration (X = 587.56 nm), a relative point spread (white). 
so a relative line spread (whfte) and an MTF curve (white) which are obtained on a shorter focal length side of a photo- 
graphing optical system including an optical low-pass filter of 6 = 30°. 

Figs. 79, 80, 81 and 82 respectively show a wavefront aberration {X = 587.56 nm), a relative point spread (white), 
a relative line spread (white) and an MTF curve (white) which are obtained on a shorter focal length side of a photo- 
graphing optical system including an optical low-pass filter of 6 = 22.5° and A = 0.9. 

55 

(Embodiment 11) 

The shape S(p, $) of the optical low-pass filter of Embodiment 1 1 is expressed by the following expressions: 
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10 



S( P .40 = £Am x Rm(p) * 005 {m( * + 6m)) ' m = 2 * 6 ' U * 

m 

R2(p) = (a2p + b2p 2 +c2pV 
R6(p) = (a6p + b6p 
R10(p) = (a10p + n10p )X. 
Rl4(p) = (ai4p +bUp )A» 
The coefficients used in Embodiment 11 are shown in Table 4. 



(40) 

(41) 
(42) 
(43) 
(44) 



T5 



SO 



25 



30 




araoCopticai system in which the opllcallo^^j^?™^ 8 ^^ and respectively show a 
Corresponding lens data shown r^^Z^!^^^^^ w ^T % 
«1vefront aberration (X = 587.56 nm). ^^^J^S^i^ ^ * — " ' 

(Embodiment 12) 

Lens data 1or Embodiment 12 are shewn in Table 5. 
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Table 5 





Surface 


Radius of 
Curvature 


Separation 


Refractive 
Index 


Abbe Number 


First Lens 
Unit 


1 


47.30490 


1.25000 


1.847 


23.9 


2 


24.99391 


4.90000 


1.603 


3L1 


3 


-422.44811 


0.20000 


1 




4 


22.00462 


2.77000 


1.697 


55.1 


5 


52.79733 


Dl 


1 




) 

Second 
Lens Unit 


6 : 


36.64051 


0.60000 


1.773 


4^6 


7 


5.72766 


2.89700 


1 Y 




8 


-11.03929 


1.50000 


1.530 


55.5 


9$ 


9.01249 


1.06000 


1 




10 


12.47778 


1.50000 


1.847 

ii 


23.9 


11 


?2.77610 


D2 


1 ) 




LPF 


' 12 


0.00000 


1.00000 


1.492 


57.4 


13 


0.00000 


0.00000 


1 




Stop 


14 


0.00000 


1.20000 


1 




Third Lens 
Unit 


15* 


14.31644 


3.40000 


1.530 


55.5 


16 


-30.92051 


D3 


1 




Fourth Lens 
Unit 


17 


11.08409 


0.80000 


1.847 


23.9 


18 


5.18699 


5.20000 


1.530 


55.5 


19* 


-18.46439 


4.00726 


1 





40 



f ■ 


4.12 


66.48 


F number 


1.65 


2.843 


Dl 


0.950 


23.416 


D2 


23.046 


0.580 


D3 


7.938 


8.939 


2o) 


57.2* 


3.9* 
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Z = 



h 2 /R 



Wl-0+k)(h/B) 2 



= +ah 4 +bh 6 +ch 8 +dh 



10 



(45) 



where R is the radius of the osculating surface and k, a. b, c ^ . c I are aspheric coefficients, 
ro Data for the respective aspheric surfaces are shown .n Table 6. 

Table 6 



15 



20 



25 



30 



35 



Surface 
9 


k 

-4.91288e-01 


a 

-7.61380e-05 


b 

-6.24942e-06 


c 

8.03346e-07 


d 

-2.43975e-08 


15 


-9.081 86e-01 


-6.54077e-05 


6.23762e-08 


-2.94373e-09 


-1.30582e-11 


. 19 


6.2341 6e+00 


-2.18108e-05 


1.14897e-06 


-5.82846e-07 


. 172059e-08 



' nprwnMI by th. oorwordlna *• *» sn <~" " SJS3»«« filter is «.# cyM»«l eoordlnale syaem (P, 

following expressions: 

llfefi IS + xnSp{ x cos{m(* + 8m)}. m - 2. 6. 10. 

Nr2(p) = (a2p +b2p 2 +c2p 3 )X, 
' ; Nr6(p) = (a6p + b6p 2 )X, 

Nr10(p) =(a10p +b10p )X- 
The coefficients used in Embodiment 12 are shown in Table 7. 



the 

(46) 

(47) 
(48) 
(49) 



Table 7 



40 



AS 



55 



A 2 = Ae= A 10 = 1 


62 = 86 = 810- :.5 


! 


a 2 = 9-5893 


a 6 = -0.0850 


a 10 = -0.0170 


b 2 = -16.300 


b 6 = -0.2169 


b 10 = -0.0434 


eg = 8.9421 







In the case of the optical low-pass f ilter which 
50 ber, its wavefront aberration is: 

W(p,(t>)=SN(p,<t>)^ d, 



fch is realized by giving a variation in refractive index to an optical mem- 

(50) 



where d is the thickness of the optical low-pass «l*er nherratio _ « . 587 .56 nm). a relative point spread (white), 
index, it is possible to give a wavefront aberration to an modern penc ut y 
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through different positions of the optical member. Accordingly, the optica! member can be made to function as the opti- 
cal low-pass filter according to the present invention. 

The use of such a gradient refractive index is not limited to Embodiment 12, and the gradient refractive index can 
be used to produce a wavefront aberration which would be produced by the optical low-pass filter of any other embod- 
5 iment 

In other words, the optical low-pass filter of the present invention can be realized only if one optical low-pass filter 
includes an area having a short optical path length (an area which advances the phase of an incident pencil of rays with 
respect to the central phase thereof) and an area having a long optical path length with respect to the optical path length 
of the center of the incident pencil of rays passing through the optical low-pass filter. Since the optical path length is 
10 given by the product of a distance T of the path traversed in a medium by a pencil of rays and a refractive index "n" of 
the medium, it is possible to set the optical path length to a desired value by making either or both of the distance "I" 
and the retractive index "n" different from those at the center. 

(Embodiment 13) 

75 

Embodiment 13 of the present invention will be described below. 

The optical low-pass f ilter of Embodiment 13 is added to the surface r14 of the third lens unit shown in Fig. 47 sim- 
• ilarly to the optical low-pass filter of Embodiment 8, but Embodiment 13 differs in shape from Embodiment 8. 

. The shape S(p, $) of the optical low-pass filter of Embodiment 13 is expressed by the following expressions: \ 

S(p,<|>) = R(p) x cos{2(<|> + kp + S)}, (51) 

R(p) = (ap + bp 2 + c P 3 )X. (52) 

25 \ The coefficients used in Embodiment 1 3 are shown in Table 8. 
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A= 1. 




a = 4.0558 




b = -6.4442 




c = 3.7941 









The contour lines of the optical low-pass filter of Embodiment 13 (Expression (51)) are shown in Fig. 98, and the 
40 variation in shape of the optical low-pass filter relative to the rotational direction (the <t> direction) for p = 0.5, 1 is shown 
in Fig. 99. 

in the case of the optical low-pass filter which is realized as the amount of variation in shape of the lens, its wave- 
front aberration is: 

45 r W(p I «' : »S(p I *)x(1 -n), ' (53) 

t 

where n is the refractive index of the lens. 

The wavefront aberration W(p t $) which occurs in the optical low-pass filter of Embodiment 13 is expressed as: 

so W( P( <|>) = Wr(p) x cos[m{<|> + kf(p) + 5}], (54) 

wh r m is an integer not less than 2, k and 8 are constants, and f(p) is an arbitrary function of p. 

Figs. 100, 101, 102 and 103 respectively show a wavefront aberration (X = 587.56 nm), a relative point spread 
(white), a relative line spread (white) and ah MTF curve (white) relative to the x-direction, all of which are obtained on 
55 a shorter focal length side of the photographing optical system including the optical low-pass filter. Figs. 104, 105, 106 
and 107 respectively show a wavefront aberration (X = 587.56 nm), a relative point spread (white), a relative line spread 
(white) and an MTF curve (white) which are obtained on a longer focal length side of such photographing optical sys- 
tem. 

As is apparent from the above description, the optical taw-pass filter of Embodiment 1 3 produces a wavefront aber- 
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10 



15 



value of MTF can be effectively reduced over the ^ ^patm 9 frequency) at which the 

l MxLent 13, thepM pitch is 5 ^. a* the euMffequenc, .« 100 lines/mm. 

(Embodiment 14) 

in Embodiment 14 of the present invention, the cutoff frequency is set to a lower frequency than the cutoff fre- 
qUen c Cy l E ^nf iTuls 3 the same functional expressions that express the shape S(p, +) of the optical low-pass fitter 

^ZZ^r^^ ^Uhrsh^ the opflcal low^ass filter of Embodiment « is 
stretched ^^ection oftte z-ax, = m) revive po ? spread 

pickup element such as a CCD. 
(Embodiment 15) 

In Embodiment 15 of the present invention, a shape for providing a low-pass effect is famed at a surface different 
stretched in the direction of the z-axis. n - w 56 nnrt a relative point spread 

System and to which°he optical low-pass filter is added may be provided ,n the vcnrty of the stop 2. 
45 (Embodiment 16) 

so the infrared cut-filter 3. Reference numeral 4 denotes a CCD. 

Lens data for the photographing optical system are shown in Table 9. 
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Table 9 



Surface 


Radius of 
Curvature 


Separation 


Refractive 
Index 


Abbe Number 


i 


2.56858 


0,50000 


1 /TO A 


OU.J 




-14.32o / 1 




1 
1 




3 


-2.67743 


0.20000 


1.575 


41.5 


4 


1.95389 


0.12908 


1 




5 


0.00000 


0.10000 


1 




6 


28.28168 


0.20000 


1.569 


. 56.3 


7 


* 1.26838 


0.70000 


1.620 


60.3 ' 


8 


-2.23688 


t 


1 





'.25 



f 


6 


F number 


3.5 


2o> 


41. r 



30 

Embodiment 16 uses the same functional expressions that express the shape S(p, $) of the optical low-pass filter 
of Embodiment 1 3, and the coefficients used in Embodiment 1 6 are the same as those shown in Table 8, except for the 
coefficient A (in Embodiment 16, A = 0.74). 

35 Figs. 125, 126. 127 and 128 respectively show a wavefront aberration (X = 587.56 nm), a relative point spread 
(white), a relative line spread (white) and an MTF curve (white) which are obtained in the photographing optical system 
including the optical low-pass filter. Figs. 129, 130, 131 and 132 respectively show a wavefront aberration (X, = 587.56 
nm), a relative point spread (white), a relative line spread (white) and an MTF curve (white) which are obtained in a pho- 
tographing optical-system (Table 8) which is not provided with the optical low-pass filter. As is apparent ffom the above 

40 description, the optical low-pass filter of the present invention is capable of readily coping with different kinds of lens 
systems having different characteristics (aberrations). \ 

(Embodiment 17) 

45 In Embodiment 1 7 of the present invention, the setting of the angle 5 of the shape for providing a low-pass effect is 
changed. 

Embodiment 17 uses the same functional expressions that express the shape S(p, <(>) of the optical low-pass filter 
of Embodiment 1 2, and the coefficients used in Embodiment 1 7 are the same as those shown in Table 8, except for the 
coefficient A (in Embodiment 10, A = 0.74). Lens data are the same as those used in Embodiment 16. 
so Figs. 133, 134, 135 and 136 respectively show a wavefront aberration (X = 587.56 nm), a relative point spread 
(white), a relative line spread (white) and an MTF curve (white) which are obtained in a photographing optical system 
including an optical low-pass filter of 5 = 22.5°. Figs. 137, 138, 139 and 140 respectively show a wavefront aberration 
(X a 587.56 nm), a relative point spread (white), a relative line spread (white) and an MTF curve (white) which are 
obtained in a photographing optical system including an optical low-pass filter of 8 = 0° and A = 0.79. 

55 

(Embodiment 18) 



The shape S(p, <j>) of the optical low-pass filter of Embodiment 1 8 of the present invention is expressed by the fol- 
lowing expressions: 
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S(p,4>) = R(p) x cos ^ + kp2 + 8)} ' 
R (p) = A{15cp 6 + (- 20c + 4b)p 4 + (a + 6c - 3b)p 8 >X 
= A(ap 2 + b(4 P 4 - 3 P 2 ) + c(15 P 6 - 20 P 2 + 6 P 2 ))X. 
The coefficients used in Embodiment 18 are shown in Table 10. 

Table 10 



(55) 
(56) 
(57) 



A=1. 




a = 1.451742609 




b = -.5237310811 




c = .3263970323 




8= \n 





Lhichthe optical low-pass filter ^"J^^E^i Embodiment 18 can achieve an effect s.m,lar 
ing lens data shown in Table 9 of Embod .merrt 1 6 _ As shown hig 
so to that of the optical low-pass filter of Embod.ment 1 6. 

(Embodiment 19) 

* LESSEES -£ta"JSSS.« - «— — 

expressions: 



40 



45 



N(p,« = NO + 8N(p.4V 

= NO i + Nr(p) x cos {2{<|> + Kp + 8)], 

Nr(p) = A(ap +bp 2 +cp 3 )X. 
The coefficients used in Embodiment 12 are shown in Table 1 1 - 

Table 11 



(58) 
(59) 



50 



55 



A=1. 




a = 6.053535057 


6= J'lt 


b = -9.618170038 




C = 5.66276797 
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(white) which are obtained on a longer local length side of such photographing optical system. 
(Embodiment 20) 

The oplical low-pass filter of Embodiment 20 is added to the surface r1 4 of the third lens unit shown in Fig. 47 sim- 
ilarly to the optical low-pass filter of Embodiment 8, but Embodiment 20 differs in shape from any of the above- 
described embodiments. 

The shape S(p, of the optical low-pass filter of Embodiment 20 is expressed by the following expressions: 

S(p,<|>) = ]TAm x Rm(p) x cos {m(<f> + kmp + 6m)}, m = 2, 6, 10, (60) 

m 

R2(p) = (a2p + b2p 2 + c2p 3 )Ji. (61) 

, R6(p) = (a6p + b6pV. ' (62) 

f ^ R1Q(p] = (a10p + b10p 2 )X. ' ( J 63) 

\ wh re m is an integer and 8m and krn are constants. f 
The coefficients used in Embodiment 20 are shown in Table 12. I 



10 



15; 



Table 12 



A 2 «Ae = A 10 «= 1 


K 2 = K6 = K 10 «-g 


83 « §6 « 5l0 » I 


a 2 = -4-538 


as = -0.606 


a 10 = 0.121 


b2 = 9.613 


b 6 = -0.238 


b 10 = 0.048 


C2 = -5.380 







The contour lines of the optical low-pass filter of Embodiment 20 (Expression (60)) are shown in Fig. 155, and the 
35 variation in shape'of the optical low-pass filter relative to the rotational direction (the <|> direction) for p = 0.5, 1 is shown 
in Fig. 156. 

In the case of the optical low-pass filter which is realized as the amount of variation in shape of the lens, its wave- 
front aberration is: 

" W(p I +)«.S(p i «x(1-h) ij ,/ (64) 

wh re n is the refractive index of the lens, v e ■ , 1 

' The wavefrpnt aberration W(p, <|>) whibh occurs in the optical low-pass filter of Embodiment 20 is expressed as: 

45 j !; 

W(p,<|>) = £Am x Wrm(p) x cos {m(<|t + fm(p) + 6m)}, (65) 

m 

wh re fm(p) is an arbitrary function of p, m is an integer not less than 2, Am and 8m are constants. 

so Figs. 157, 158, 159 and 160 respectively show a wavefrorrt aberration (X = 587.56 nm), a relative point spread 
(white), a relative line spread (white) and an MTF curve (white) relative to the x-direction, all of which are obtained on 
a shorter focal length side of the photographing optical system including the optical low-pass filter. Figs. 161, 162, 163 
and 164 respectively show a wavefrorrt aberration (X = 587.56 nm), a relative point spread (white), a relative line spread 
(white) and an MTF curve (white) which afe obtained on a longer focal length side of such photographing optical sys- 

55 tern. 

As is apparent from the above description, the optical low-pass filter of Embodiment 20 produces a wavefront aber- 
ration analogous to its shape to separate a point image into a plurality of point images in an image plane so that the 
value of MTF can be effectively reduced over the range of spatial frequencies higher than a predetermined spatial fre- 
quency at which the value of MTF is made zero. The predetermined spatial frequency (cutoff frequency) at which the 
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• wtahpci from the pitch of the pixels of an image pickup element such as a CCD to be 

(Embodiment 21) 

,„ Embodfrnent 21 - - — . „ — " - * 

of Embodiment 20. and the ooeftaente used n E ^™T are the same as those used in Embedment 8. 

,«mT. n£« ^ I"*' «' m MTf ^ ( ^UT^ STS 171 ana 172 respective., sho» a 
%Z&m «** *"**» ,h ? (!^)t.el. line spread («h«a) and an MTF eurv. 

LeL. aben.tion ft - 587.56 nm). f^'^^I^WapWnS «*»■ ««»• * " Zd^a 

^asphene surface -1» ? ^ i » iSSS « •» ^ 01 the *"<*' '° W,SS 

otatowwHng optical system including the <^£^^^J^Se spread (white) and an MTF curve 
SSSSSr^nW ba proved ,n « o, -he aop 2. 

(Embodiment 23) ^^ic 
,„^^^a^^.-^^™-^anapa 1 o^a 1 »«.asa B a.» 

tha coefficient An, (in Brtoodirnent 20. A,o - A, -A, - ^™^ (ralon (l .587.56 nm), a relative P^*™* 
F=iqs 1B1. 182. 183 and 184 respectrvely *<" a ^""""r? „ a shaB. focal length ode of a 

JS. a "laive line spread (while! and an MTF cl™ > <whM *«■ l» <»' ^ 188 
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(Embodiment 24) 

The shape St 
lowing expressions: 



S( P .*) = SAm x Rm(p) x cos {m(* + kmp 2 + 8m)}, m = 2, 6, 10. 



(66) 
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R2(p) = (b2p 2 + c 2 p 3 + d2p A + f2p 6 )X. 

R6(p) = (b6p 2 + c6p 3 + d6p 4 )X, 
R10(p) =(b10p 2 + c10p 3 + d10p 4 )?,. 
The coefficients used in Embodiment 18 are shown in Table 13. 



(67) 

(68) 
(69) 
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A 2 = A 6 = A 10 = 1 


K 2 = K 6 = K 10 = -| 


62 = 8 6 = 8 10 = J 


ba = -3.123 


b 6 = -3.069 


b 10 = 0.614 


C2 = -7.417 


; Ce = 3.708 


C 10 = -0.742 


s d 2 = 19.100 ' 


d 6 = -1.535 


d 10 = 0.307, 


f 2 ~ -9.102 




— 9, 



The contour lines of the optical low-pass filter of Embodiment 24 (Expression (66)) are shown in Fig. 189, and the 
variation in shape of the optical low-pass filter relative to the rotational direction (the $ direction) for p = 0.5, 1 is shown 
in Fig. 190. / 

Figs., 191, 192, 193 and 194 respectively show a wavefront aberration {X = 587.56 nm) t a relative point spread 
(white), a relative line spread (white) and an MTF curve (white) which are obtained on a shorter focal length side of a 
photographing optical system in which the optical low-pass filter having the aforesaid shape is added to the surface r4 
represented by the corresponding lens data shown in Embodiment 8. Figs. 195. 196, 197 and 198 respectively show a 
wavefront aberration {X = 587.56 nm), a relative point spread (white), a relative line spread (white) and an MTF curve 
(white) which are obtained on a longer focal length side of such photographing optical system. 

(Embodiment 25) 

In Enjbodiment 25, an optical low-pass 5 filter having a gradient refractive index is addecj to the photographing optical 
35 system (zoom lens) shown in Fig. 93, similarly to each of Embodiments 12 and 19. 

The gradient refractive index N(p, 4>) of the optical low-pass filter of Embodiment 25 is expressed by the following 
expressions: ■ 1 



} N(p,<t>) = N0 + 6N(p ) <|i) ' 

= NO + X Am x Nm(p) x cos (m<)> + kmp + 6m), m = 2, 6, 10, 

Nr2(p) = (a2p + b2p 2 +c2p 3 )X. 

i ... J ' 

, Nr6(p) = (a6p+b6p 2 )X. 

Nr10(p) = (b10p +b10p 2 )X- 
The coefficients used in Embodiment 25 are shown in Table 14. 

Table 14 



(70) 

(71) 
(72) 
(73) 



A 2 = Ag b A 10 = 1 


K 2 = Kg = K 10 = -jj 


8 2 = S 6 = 5 10 = I 


a 2 = -0.528 . 


a 6 = -0.667 


a 10 = 0.133 


b 2 = 11.031 


b 6 = -0.261 


b 10 = 0.052 


c 2 = -6.186 
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(Jrt. l«vt line sp<Md »» >" ""J C "^'*l e ST S, 205 and 206 «p«** «*» • 



(Embodiment 26) 



Embodiment 26 of the present invention wHl be described bekm ^ ^ jn Rg 47 sjm . 

The optical low-pass f ilter of Embodiment 26 is ad in ^ f rom Embodiment 8. 

(74) 

S(p,*)*R(p) xT W' 

(75) 

15 ' - R(p)*1.8Xp. 

(76) 

T(4») = cos {2(<|> + tc/4)}- 

front aberration is: ^ 

W(p,« = S(p.« x(1 -n). 

where n is the refractive index of the lens. aeration (X = 587.56 nm), a relative point spread 

Figs ^08. 209. 210 and 211 respectively show a "^^ 
(white) a relative line spread (whrte) and an MTF 213, 214 and 215 respectively show a 

tog'rapHng optica, system £^ e ^^ 

wavefront aberration (X = 587.56 nm), a "JJ^?* A photogr aphing optical system, 
(white) which are obtained on a longer Embodiment 26 produces a wavefront *«• 

As'is apparenttromthe above description. £ ,. ^ int images in an image plane so that the 

ration analogous to its shape to separate a point image ^S^ZSx higher than a predetermined spatial fro-. 
2 tf MTFcan be effectively reduced over the ^^^S^^Z^ («** ^ uency) al *** ? 

at which the value of Z TC^ ^^ ™* 3 CCD t0 ^ 

r^nS:^ dire.on in which 

relative to the rotational direction is made shorter and if 

(70) 

R(p) = 1.07Xp, 

(79) 

T(4») = COS {4(<|> + nlQ)). 
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. n « 7 « nm A a relative point spread (white), 
F,g, 21 7. 21 8. 219 and 220 respectively show ^°^^^Jsr focal length side of the photo- 
a Relative line spread (white) and an MTF curve ^^^^^^ the above description, by reducing the 

is expressed by the following expressions: 
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W(p,<j>) = Wr(+) x Wt(4>), (80) 

where Wr(p) is a wavefront aberration relative to the radial direction and Wt(<t>) is a wavefront aberration relative to the 
rotational direction, the wavefront aberration at a predetermined radial position of the pencil of rays which has passed 
through the optical low-pass filter of Embodiment 26 satisfies the following conditions: 

Wr(0.3)/Wr(0.6)>0, (81) 

Wr(0.6)/Wr(0.9)>0. (82) 

In Embodiment 26, since the optical low-pass filter is arranged so that such a wavefront aberration occurs, it is pos- 
sible to achieve the aforesaid effect. 

(Embodiment 27) 

y 

Embodiment 27 t of the present invention provides an optical low-pass filter having a shape which is set to produce 
a wavefront aberration which satisfies the following conditions: 

'? 

Wr'(0.3)/Wr'(0.6)>1, ' . (83) 

- 1 > 

Wr'(0.6)/Wr , (0.9)<1. - (84) 

The shape S(p, $) of the optical fow-pass filter of Embodiment 27 is expressed by the following expressions: 

5 

ss ; | S(J>.« = R(p)xT(+) I \ (85) 

R(p) = A 1 (a n p + b 1 p 2 + c 1 p V. (86) 
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T(<|>) = cos{2(<|> + 5)}. (87) 
The coefficients used in Embodiment 27 are shown in Table 1 5. 

Table 15 



ai 


= 3.8111 




= -4.7586 




= 2.6334 


A 1 = 1 



8 = jc/4 



45 The contour lines and the cross section of the optical low-pass filterfExpression (86)) taken in a direction in which 

its phase advancing or retarding action is large are shown in Figs. 221 and 222, respectively. Lens data are the same 

as those used in Embodiment 8. 

Since the amount of variation in the wavefront aberration with respect to the direction in which the phase advancing 

or r tarding action is large is proportional to the amount of variation in the shape of the optical low-pass filter, the 
so amount of variation in the wavefront aberration is expressed as follows by using the amount of variation in the shape of 

the optical low-pass filter with respect to the direction in which the phase advancing or retarding action is large: 

Wr( P ) oc R(p), (88) 

55 Wr'(p) = aWr(p)/dp x dR(p)/0p. (89) 

Therefore, the following conditions are satisfied: 

Wr'(0.3)/Wr'(0.6) = 1 .764 > 1 , (90) 
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(91) 

Wr'(0.6)/Wr'(0.9) = 0.574 <1 . 
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20 



Pigs 223 22, 225 and 226 respective* show a ^^^S&'^T* ES 
(J Hne spread (white) ^« J"^^^^ *g, 227 ' ** 

Lai length side of the photographing optical system J^™*^ spread (whrte ), a relative line spread white) 
respectively show a wavefront aberration (X = 5 87^56 i ntn). are. p ^ js ^ tQ p2 8 F)gs ^ , 23 2, 



each F number. 
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(Embodiment 28) 

^4 + rt a imwer freauency than the cutott tre- 
ln Embodiment 28 of the present invention, the cutoff frequency ,s set to a .ower frequ 

quency of Embodiment 27. amressi0 ns that express the shape S( P , 4>) of the optical '°«-P ass f 

Embodiment 28 uses she same functiona e^re^ons thav exp jn T ^ |e 1 s tor 

of E^odiment 27. and the coefficient us* I « ^^J^l « those used in Embodiment a The shape 
the coefficient A (in Embodiment » A > = 1 .875^ bn ofthe ^ l0 w-pass filter of Embedment 27 ,s 

R 9 7 235. 236. 237 and 238 respectively show a on a shorter focal length side of the 

(white?, a relative line spread (whrte) and an MTF °^ 240 . 241 and 242 respective* show a 

photographing optica, system including ,ine ***** **** "* ? 

wavefront aberration (X = 587.56 nm). a ^^ZTS^ap^ 9 optical system. As can be seen from 

(Embodiment 29) ^„ aron t 

saueezed by a small amount in the direction of the z-aws. _ aherra1jon « = 587.56 nm). a relative point spread 
* Tgs^lV 244. 245 and 246 respectively show • ^JJJJ^S^" a shorter focal length side of the 
(white) a relative line spread (white) and an'MTF curve (whrte w ch are obUun ^ show a 

Kgraphing optical system including the ^.J^^ftS. Hne spread (white) and an MTF curve 
Son? abe'rSon (X = 587.56 nm). r?f££^^ As is apparent from the 

(white) which are obtained on a longer focal '^^^^S^ thath located in the vicinity of the stop 2. As 
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(Embodiment 30) 
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present invention can readily be applied to different kinds of lens systems having different characteristics (aberrations), 
by modifying th design (or shape) of the optical low-pass filter. 

(Embodiment 31) 

5 

In Embodiment 31 of the present invention, the setting of the angle 8 is changed. 

Embodiment 31 uses the same functional expressions that express the shape S(p. <|>) of the optical low-pass filter 
of Embodiment 27, and the coefficients used in Embodiment 31 are the same as those shown in Table 3, except for the 
coefficient A (in Embodiment 31 , A = 0.65). Lens data are the same as those used in Embodiment 16. In Embodiment 
10 31, since 5 = 22.5°, a radial direction (cos{2(<|> + 5)} = 1 ) in which its phase advancing or retarding action is large 
inclines by 22.5° with respect to each of the directions of arrangement of the pixels. 

Figs. 255, 256. 257 and 258 respectively show a wavefront aberration {X = 587.56 nm), a relative point spread 
(white), a relative line spread (white) and an MTF curve (white) which are obtained from the photographing optical sys- 
tem including the optical low-pass filter. 
15 Figs. 259, 260, 261 and 262 respectively show a wavefront aberration {X - 587.56 nm), a relative point spread 
(white), a relative line spread (white) and an MTF curve (white) which are obtained from a photographing optical system 
including an optica! low-pass filter of A = 0.625 and 8 = 0°. 

As is apparent from the above description, by varying the phase 5 and the coefficient A relative to the rotational 
direction, the cutoff frequency is set to a predetermined spatial frequency so that an effect equivalent to that of Embod- 
20 im nt 29 can be achieved. 1 > } 

(Embodiment 32) / / 

The shape S(p. 4>) of the optical low-pass filter of Embodiment 32 of the present invention is expressed by the fol- 
25 lowing expressions: 

S(p,« = R(p)xT(«, (92) 
R(p) = A 2 (a 2 p 2 + b 2 (4p 4 -3p 2 ) + c 2 (15p 6 -20p 4 + 6p 2 )+d 2 (56p 8 + 105p 6 + 60p 4 -10p 2 ))X (93) 
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= {56A 2 d 2 p 8 + (-105A 2 d 2 + 15A 2 c 2 )p 6 + (-20A 2 c 2 + 60A 2 d 2 
+ 4A 2 b 2 )p 4 +'(6A 2 c 2 - 10A 2 d 2 + A 2 a 2 - 3A 2 b 2 )p 6 }A., 



(94) 



Ttt) = cos{2(4> + 5)}. (95) 
The coefficients used in Embodiment 32 are shown in Table 16. 

Table 16 



a 2 = 


1.48247238 




-.495094038 


c 2 = 


.309258846 


d 2 = 


-.190947222 


A 2 = 1. 



6 = rc/4 



The contour lines and the cross section of the optical low-pass filter (Expression (93)) taken in a direction 
55 (cos (2$ + 6) = 1 ) in which its phase advancing or retarding action is large are shown in Figs. 263 and 264. respec- 
tively. 

Thus, the following conditions are satisfied: 

Wf(0.3)Wr\0.6) = 9.065 > 1 , (96) 
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Wr'(0.6)/Wr'(0.9) « 0.172 < 1 . < 97 ) 

Fias 265 266 267 and 268 respectively show a wavefront aberration (X = 587.56 nm). a relative point spread 
(white a ^ (white) and an MTF curve (white) which are obtained from a P h * 0 ^ 
72& '«!^^ fitter taring the aforesaid shape is added to the surface r4 represented by »» 
ing ^sdS SEm in TaHe 9 of Embodiment 16. As shown in Fig. 268, Embodiment 32 can ach.eve an effect s.mHar 
to that of the optical low-pass filter of Embodiment 30. 

(Embodiment 33) 

in Embodiment 33. an optical low-pass filter having a gradient retrace index is added to the photographing optical 

S ^eS 

expressions: 

N(p. <|>)=N0 + 5N(p, +) < 98) 
= N0 + Nr(p) x Nt(«f), 

Nr( P ) = A 2 (a 2 p+b 2 p 2 +c 2 p 3 )^. <"> 

Nt(4>) - cos(2<|» + 5). ( 10 °) 
The coefficients used in Embodiment 33 are shown in Table 17. 

Table 17 
a 2 = 3.8111 



-4.7586 



30 



35 



40 



C 2 = 2.6334 
A 2 = 1.125 
~ 5 = ti/4 



In the case of the optical low-pass filter which is realized by giving a variation in refractive index to an optica, mem- 
ber, its wavefront aberration is 

W(p.<t>) = 8N( P ,(t.)xd. < 101 > 



where d is the thickness of the optical low-pass filter. ■ - . ^ inri ar * inn k lame is oroDor- 

A wavefront aberration relative to the direction in which the phase advancing or retard ng action * Jarg ms propor 
« tiona. to a function Nr(p). and the amount of variation in the wavefront aberration ,s proposal to the amount of vana 

tion in the shape of the optical low-pass filter. Therefore, 

Wr(p) oc Nr(p), (102) 
Wr'(p) «= 5Wr(p)/ap oc 5Nr(p)/ap, < 103 > 

so that the following conditions are satisfied: 

Wr*(0.3)/Wr'(0.6) = 1.764 > 1 . (104) 
Wr*(0.6)/Wr(0.9) = 0.574 < 1 . (105) 

Fias 269 270 271 and 272 respectively show a wavefront aberration {X = 587.56 nm). a relative P°i^«* 
(white? a Stive L sprL (whrte) and an MTF curve (white) which are obtained on a shorter focal length s.de of the 
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photographing optical system including the optical low-pass filter. Figs. 273. 274, 275 and 276 respectively show a 
wavefront aberration (X = 587.56 nm), a relative point spread (white), a relative line spread (white) and an MTF curve 
(white) which are obtained on a longer focal length side of such photographing optical system. 

As is apparent from the above description of Embodiment 33, with an optical member having a gradient refractive 
index, it is possible to give a wavefront aberration to an incident pencil of rays while the incident pencil of rays is passing 
through different positions of the optical member. Accordingly, the optical member can be made to function as the opti- 
cal low-pass filter according to the present invention. 

(Embodiment 34) 



10 



Embodiment 34 of the present invention will be described below. The optical low-pass filter of Embodiment 34 is 
added to the surface r14 of the third lens unit shown in Fig. 47 similarly to the optical low-pass filter of Embodiment 8, 
but Embodiment 34 differs in shape from Embodiment 8. 

Furthermore, in Embodiment 34, the shape of the optical low-pass filter is set to produce a wavefront aberration 
is which satisfies the following 'conditions: 

Wr(0.25)/Wr(0.75)< 0; f * (158) 



20 



25 



* f Wr'(0.3)/Wr'(0.6)< 0. - > . (159) 

The shape S(p, of the dptical low-pass filter of Embodiment 34 is expressed by the following expressions: 

/ j S( Pl «oR(p)xT(«, ■ (106) 

) R(p)=) A 2 (a 2 p +b 2 p 2 + c 2 p 3 +d 2 p 4 +e 2 p^ 5 )5L, (107) 

T(<|>) = cos{2M> + 5)} . (108) 
The coefficients used in Embodiment 34 are shown in Table 18. 



Table 18 
a 2 = 3.7868 



35 ' b 2 = 3.0715 



40 



45 



C2=-14.2£5 
d 2 - -7.5854 
e 2 = 13.647 

A2 = 1 
6 = tc/4 ; 



,! 



The contour lines and the cross section of the optical low-pass filter (Expression (107)) taken in a radial direction 
in which its phase advancing or retarding action is large are shown in Figs. 277 and 278, respectively. 
The optical low-pass filter of Embodiment 34 satisfies the following conditions: 

so Wr(0.25)/Wr(0.75)==-1.502<0, (109) 

Wr'(0.3)/Wr'(0.6) = -0.278<0. (1 10) 

Figs. 279, 280, 281 and 282 respectively show a wavefront aberration (X = 587.56 nm), a relative point spread 
55 (white), a relative line spread (white) and an MTF curve (white) which are obtained on a shorter focal length side of the 
photographing optical system including the optical low-pass filter. Figs. 283, 289, 285 and 286 respectively show a 
wavefront aberration (X c 587.56 nm), a relative point spread (white), a relative line spread (white) and an MTF curve 
(white) which are obtained on a longer focal length side of such photographing optical system. 

As is apparent from the above description, the optical low-pass filter of Embodiment 34 produces a wavefront aber- 
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(Embodiment 35) 

irnLirneut 35 uses the same tunctiona. «jw»« «^ Wess ihes » JP"^ ,„ TaBfe , 8 ^ foI 
ol Embodiment 34. and the coeflicie,* 'f ,™^™^ »ne as those used in Embodiment 8. The shape 

> iwhite? a relative line spread (white) and an MTF cu ve (white wn.cn a 2g4 e<hive | y sh0 w a 

opticaUystem including the ^^V^^SiS^ spread (white) and an MTF curve 
SSSJLin Ol = WT^nml^n*^^ J* system . As can be seen from 

(Embodiment 36) u i 

En*od«nent 36 uses the same functional <-**~?°*f£^Z£.% tnosa shown in Table 1 8. exoept lor 
of Errtodiment 34. and the eosflicienB used m E^od™"^ 36 « ™ f*^ W1MSS „,er is added to the asptwc 

tahiefardate line spread (white) and an MTF curve ^**l 8 ^u. 301 and 302 respectively show a 
SSA***** system inciudtn, *. spread (whit.) and an 

^^^^ 

(Embodiment 37) 



40 



45 



,„^ m .n,3 7 .».sha^anc* r c^^^ 
Dartdasingle^lerreinthephotootapM 

(white)! a relative line spread (white) and an MTF »™ l»*»>^^ the opncal low-paes Mer ol the 

(Embodiment 38) 

In Embodiment 38. the setting of the angle 5 is ^ e shap e S( P , +) of the optical low-pass filter 

Embodiment 38 uses the same funct,onal mgnmam W ™ J» ^ ^ ^ ^ , 8 ^ r 
of Embodiment 34. and the coefficiente uNdn used in Embodiment 1* In Errtocrf- 
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inclines by 30° with respect to each of the directions of arrangement of the pixels. 

Figs. 307, 308, 309 and 310 respectively show a wavefront aberration (X = 587.56 nm), a relative point spread 
(white), a relative line spread (white) and an MTF curve (white) which are obtained from the photographing optical sys- 
tem including the optical low-pass filter. 

5 Figs. 311, 312, 313 and 314 respectively show a wavefront aberration (X = 587.56 nm), a relative point spread 
(white), a relative line spread (white) and an MTF curve (white) which are obtained from a photographing optical system 
including an optical low-pass filter of 5 = 60°. 

As is apparent from the above description, by varying the phase 8 and the coefficient A relative to the rotational 
direction, the cutoff frequency is set to a predetermined spatial frequency so that an effect equivalent to that of Embod- 

w iment 37 can be achieved. 

(Embodiment 39) 

The shape S(p, <(►) of the optical low-pass filter of Embodiment 39 is expressed by the following expressions: 

15 § t 

S(p,« = R(p)xJ(W, , (111) 

R(p)={A(ap 2 +b(4p 4 -3)p 2 +c(15p 4 - r 20p 2 +6)p 2 + d(56p 6 + 1ti5p 4 + 60p 2 - 10)p. 2 }A. .. (112) 

20 . ' " I 

= {56A 2 d 2 p 8 + (15A 2 c 2 -105A 2 d 2 )p S + (-20A 2 c 2 +60A 2 d 2 ) 

A 2 {113) 

+ 4A 2 b 2 )p + (A 2 a 2 +6A 2 c 2 -3A 2 b 2 - 10A 2 d 2 )p }X, 

) i f 

25 \ T«>)=cos{2(<|> + 5)}. ! ) (114) 

The coefficients used in Embodiment 39 are shown in Table 19. 

30 



Table 19 
a 2 = 0.1342 
b 2 = -0.1909 

35 ' c 2 = 0.1467 



40 ; 



d 2 = -0.04997 



As = 1 



6 = tc/4 



/ The contour lines and the cross section of the optical low-pass filter (Expression (112)) taken in a direction \ 
(cos {2(<J> + 6)} = 1 ) in which the phase advancing or retarding action of Embodiment 39 is large are shown in Figs. 315 
45 and SIG.respectively. , 
Thus, the following conditions are satisfied: 

Wr(0 .25)/Wr (0 .75) = - 1 .770 < 0 , (115) 

so Wr'(0.3)/WrX0.6) « -0.624<0. (116) 

Figs. 317, 318, 319 and 320 respectively show a wavefront aberration (>. « 587.56 nm), a relative point spread 
(white), a relative line spread (white) and an MTF curve (white) which are obtained from a photographing optical system 
in which the optical low-pass filter having the aforesaid shape is added to the surface r4 represented by the correspond- 
55 ing lens data shown in Table 9 of Embodiment 16. As shown in Fig. 320 t Embodiment 39 can achieve an effect similar 
to that of the optical low-pass filter of Embodiment 37. 
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(Embodiment 40) 

In Embodiment 40, an optical low-pass filter having a gradient refractive index is added to a photographing optical 
system (zoom lens) in a manner similar to Embodiment 33. 
5 The gradient refractive index N(p, <|>) of the optical low-pass filter of Embodiment 40 is expressed by the following 
expressions: 

N(p,<|>) = N0 + 8N(p,<|>) 
= NO + Nr(p) x Nt(<t>), 

TO 

! Nr(p) = A 2 (a 2 p +b 2 p 2 + c 2 p 3 +d 2 p 5 )X > 

i 

| Nt(<» = cos{2(<|> + 5)}. 

; The coefficients used in Embodiment 40 are shown in Table 20. 

Table 20 

20 a 2 * 3.7868 

. b 2 = 3.0715 
C 2 ~ -14.235 
d? = -7.5854 

25 : 

e 2 = 13.647 

As = 1.067 

6 = n/4 
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(117) 

(118) 
(119) 



The optical low-pass filter of Embodiment 40 satisfies the following conditions: 
35 Wr(0.25)/Wr(0.75) = -1.502<0, (120) 

\Nf{03)Wr\Q£) = -O.278<0. (121) 

Figs. 321, 322, 323 and 324 respectively show a wavefront aberration (k = 587.56 nm), a relative point spread 
40 (white), a relative line spread (white) and an MTF curve (white) which are obtained on a shorter focal length side of the 
photographing optical system including the optical low-pass filter. Rgs. 325, 326, 327 and 328 respectively show a 
wavefront aberration {X = 587.56 nm), a. relative point spread (white), a relative line spread (white) and an MTF curve 
(white) which are obtained on a longer focal length side of such photographing optical system. 

Each of Expressions (81) to (84), (158) and (159) is expressed as the ratio of wavefront aberrations relative to the 
45 radial direction, but such a wavefront aberration is proportional to the radial shape of the optical low-pass filter if the gra- 
dient refractive index thereof is uniform, or to the gradient refractive index if the shape of the optical low-pass filter is flat. 

Therefore, each of Expressions (81) to (84), (158) and (159) may also be expressed as follows: if the gradient 
refractive index is uniform, 



so 



55 



Wr(0.3)/Wr(0.6) = R(0.3)/R(0.6)>0, 
Wr(0.6)/Wr(0.9) = R(0.6)/R(0.9)>0, 
Wr'fO.SJ/WrXO.e) = R , (0.3)/R'(0.6)>1, 
Wr'lO.ej/Wr'tO.Q) = R'(0.6)/R'(0.9)<1, 
Wr(0.25)/Wr(0.75) = R(0.25)/R(0.75)<0, 



(81) 
(82) 
(83) 
(84) 
(158) 
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Wr , (0.3)/Wr'(0.6) = R'(0.3)/R*(0.6)<0; (159) 
and if the shape of the optical low-pass filter is flat, 



c 
o 


wr(U.oywr(0.6)=Nr(0.3)/Nr(0.6)>0 > 


(81) 




Wr(0.6)/Wr(0.9) = Nr(0.6)/Nr(0.9)>0, 


(82) 


10 


Wr'(0.3)/Wr'(0.6) = Nr , (0.3)/Nr , (0.6)>1, 


(83) 


Wi"(0.6)/Wr'(0.9) = Nr'(0.6)/Nr-(0.9)<1, 


(84) 




Wr(0.25)/Wr(0.75) = Nr(0.25)/Nr(0.75)<0. 


(158) 


15 


Wr^O.SJ/WrXO.e) = Nr'(0.3)/Nr , (0.6)<0, 


(159) 



where R'(p) = 9R(p)/c)p and Nr'(p) = 3Nr(p)/5p } 
(Embodiment 41) 



Embodiment 41 of the present invention will he described below. The optical low-pass filter of Embodiment 34 is 
added to the surface r14 of the third lens unit shown in Fig. 47 similarly to the optical low-pass filter of Embodiment 8, 
but Embodiment 41 differs in shape from Embodiment 8. \ 
\ The shape S(p, of the optica! low-pass filter of Embodiment 41 is expressed by the following expressions: \ 

A-R2(p) cos {2(<j> + 62)} X., 0 s p '<; 0.3 1, 
S(p,<|>)=M (122) 

AR4(p) cos {4{<f> + 54)}- X, 0.31 s p < 1, 

30 



R2(p) = 0.56 sin (Tcpl, (123) 
35 R4(p ) = 2.969p M + 2 408p" 2 - 1 1.16p" 3 - 5.947p" 4 + 10.70p" 5 , (124) 

A=1,p' = p/0.31 , 82 = n/4, 84 = jt/8, 
p M = (p-0.31)/0.69. 

40 t , 

.The shape of the optical low-pass filter of Embodiment 41 is a shape which is asymmetrical about the axis of the 
third I ns unit and is added to the axisymmetrical shape thereof. 

The contour lines of the optical low-pass filter represented by Expression (122) is shown in Fig. 329. 
In the case of the optical low-pass filter which is realized as the amount of variation in shape of the lens, its wave- 
45 front aberration is ? 

W( P ,4 l ) = S(p,(|))x(1-n) l (125) 

where n is the refractive index of the lens. 
so Therefore, the wavefront aberration W( P( $) which occurs in the wavefront of the pencil of rays transmitted through 
the optical low-pass filter of Embodiment 41 is expressed by the following expression: 



55 



W( P +) = { A ' x ' (n " 1) R2 (P) °° s + 62 »> 0 * P * a31 ' 
AX(n - l)R4(p) cos {4<<j> + 64)}, 031 s p s 1, 

(126) 
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15 



20 



25 



shorter in its penphery than in its cente r « P We F number 

system into which to incorporate the optical ^ M ™" ™ aberration (3l = ajy.se nm), a relative point spread 
Figs. 330. 331. 332 and 333 ^^J*^^£^^ at F1.65 (fully open) on a shorter 
(whrte) a relative line spread (white) ^^^^^a l°w-pass filter. Figs. 334 335. 336 and 337 
local length side of the photographmg opt ca. system ^ng g ^ Ime spread (whrte) 

respectively show a wavef ront aberration (X = 587.56 nm a R ^ ^ ^ photographm g op t C al sys- 

and an MTF curve (white) which are <**^™ aberration (X = 587.56 nm), a relative point spread 
tem. Figs. 338. 339. 340 and 341 «P^J^^S!^ are obtained at F5.6 on the shorter focal length 
(white) a relative line spread (whrte) and an MTF curve (whrte) wn,c ^ snow a wav efront aberration *. = 

of the photographing optical J^^^X££^) anS an MTF curve (whrte) which are obtained 

;?Ff^ 

3S S MTF can be effectively reduced over the ^SS^^^^ ll 
quency at which the value of MTF ,s made a» ™ 'jJJS^, an image pickup element such as a CCD to be 

(Embodiment 42) 

•s set to a tower frequency than the cutoff frequency of the optical low-pass 

firteHn thtp^ expressions that express the shape 

The optical low-pass filter of Embodiment 42 u ^* e J^^ 

ofttecjptica.lc.w-^ 
in Expression (122). except for the ~ e «'f' en ^ 

Embodiment 8. The shape of the '°^ pa *^^^^^^ direction of the optical axis), 

lilter of Embodiment 41 is stretched in the direction 0, ^ a ™'" b ^ r a ti0 n (X = 587.56 nm). a relative point spread 
Fios 346 347. 348 and 349 respectively show a 7 a ^°"^%^°btained on a shorter focal length side of the 
(whftefa Sa ive line spread (white) and an MTF curve JfJ ° 35 2 and 353 respectively show a 

' phS'raphing optica, system In**, ^^^^^^^^ *»* **** ^ 1" °Z 
. wavefront aberration (X = 587.56 nm). a relaW e poirrt sp r « a ° hin optica , syste m. As can be seen from 



such as a CCD. 
ao (Embodiment 43) 
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8 - » 3*. *. 366 «, » «p-** - rr^T^^li^^ 

1 ,d is apparent Kom th. abo» descrtpbon. . «J» » B add « P ^ 2 ^ ^ 

^ pass filler is added may be provided in the vicmrty of the stop 2. 
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(Embodiment 44) 

The shape S(p, <|>) of the optical low-pass filter of Embodiment 44 of the present invention is expressed by the fol- 
lowing expressions: 

5 

S(p l «o{S1( Pl +) + S2(p l «}X. (127) 
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si(p, <p) = i 

0, 0.335 s p si, 

62 = w/4, (128) 

/ / / 



✓ R1(p)^61.64p 2 -197.75p 3 - 1 1 13.7p 4 + 5523.4p S - 8012.9p 6 + 9798.5p 7 - 13079.0p 8 , (129) 
20 \ 



S2(p,<t») = i 

R2(p) cos {4(<j> + 64)}, 0.24 s p <; 1, 
64 = je/8 > ; ,(130) 



R2(p) = 79.56p' 2 - 603.3p' 3 + 1704.8p' 4 - 1679.3p' 5 - 1105.9p' 6 + 3187.3p' 7 - 1607.6p' 8 , p' = p -0.24. (131) 

•The contour lines of the optical low-pass filter (Expression (127)) are shown in Figs. 362. / * 
35 Figs. 363, 364, 365 and 366 respectively show a wavefront aberration {X = 587.56 nm), a relative point spread 
(white), a relative line spread (white) and an MTF curve (white) which are obtained at F1 .65 (fully open) on a shorter 
focal length side of a photographing optical system, in which system the optica! low-pass filter 1 having the aforesaid 
shape is added to the surface r1 4 represented by the corresponding lens data shown in Embodiment 8. Figs. 367, 368, 
369 and 370 respectively show a wavefront aberration (X - 587.56 nm), a relative point spread (white), a relative line 
40 spread (white) and an MTF curve (white) whicjh are obtained at F2.8 on the shorter focal length side of the photograph- 
ing optical system. Figs. 371, 372, 373 and 374 respectively show a wavefront aberration {X = 587.56 nm), a relative 
point spread (white), a relative line spread (white) and an MTF curve (white) which are obtained at F5.6 on the shorter 
focal I ngth side of the photographing optical system. Figs. 375, 376, 377 and 378 respectively show a wavefront aber- 
ration (X = 587.56 nm), a relative point spread (white), a relative line spread (white) and an MTF curve (white) which are 
45 obtained at F1 .65 (fully open) on a longer focal length side of the photographing optical system. As is apparent from the 
abov description, the optical low-pass filter of Embodiment 44 can achieve an effect similar to that of the optical low- 
pass filter of Embodiment 41 . 



(Embodiment 45) 

In Embodiment 45, an optical low-pass filter having a gradient refractive index is added to the photographing optical 
system (zoom lens) shown in Fig. 93, similarly to Embodiment 12. 

The gradient refractive index N(p, 4>) of the optical low-pass filter of Embodiment 45 is expressed by the following 
expressions: 

N(p,4») = NO + 6N(p,<t)) 1 (132) 
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. Nr2(p) cos (2+ + 62)X, 0 s p £ 0.31, 
6N(p, 4>) = { 

Nr4(p) cos (4<j> + 64)X, 0.31 s p < 1, 

62 = jc/4, 64«?t/8, (133) 



10 

Nr2(p) =0.64 sin (rep'), p' = p/0.31, (134) 

Nr4(p) = 3.414p" + 2.769p" 2 - 12.83p" 3 - 6.839p" 4 + 12.305p" 5 . p" = (p • 0.31)/0.69. (135) 

15 In the case of the optical low-pass filter which is realized by giving a variation in refractive index to an optical mem- 
ber, its wavefront aberration is 

W( Pl <t>) = 5N(p,<|>)xd, (136) 

20 where d is the thickness of the optical low-pass filter. 

Figs. 379, 380, 381 and 382 respectively show a wavefront aberration (X = 587.56 nm), a relative point spread 
(white), a relative line spread (white) and an MTF curve (white) which are obtained on a shorter focal length side of the 
photographing optical system including the optical low-pass filter. Figs.. 383, 384, 385 and 386 respectively show a 
wavefront aberration {X = 587.56 nm), a relative point spread (white), a relative line spread (white) and an MTF curve 
; 25 (white) which are obtained on a longer focal length side of such photographing optical system. 

As is apparent from the above description of Embodiment 45. with an optical member having a gradient refractive 
index, it is possible to give a wavefront aberration to an incident pencil of rays while the incident pencil of rays is passing 
through different positions of the optical member. Accordingly, the optical member can be made to function as the opti- 
cal low-pass filter according to the present invention. 

30 In each of the optical low-pass f Oters of Embodiments 41 to 45 of the present invention, since the period of the area 
having a phase advancing action and that of the area having a phase retarding actions are varied with respect to the 
radial'direction (the p direction), it is possible to effectively decrease MTF relative to tjigh-frequency components even 
if the stop 2 is placed in any state from a fully open state to the state of a maximum' reduced aperture, and it is also 
possible to realize a low-pass effect on various kinds of stops having different aperture shapes. 

35 > 

(Embodiment 46) - 

In the optical low-pass filter of Embodiment 46 is, its basic shape to be represented by a continuous function is 
approximated by a step-formed shape having a step size smaller than the wavelength of light. The shape of the optical 
40 low-pass fitter of Embodiment 46 is expressed by the following expression Using a step function which converts a con- 
tinuous function into a step-formed shape: 

S(p,<t») = Step(A x R( p ) x T(«). (137) 



45 The step function is, for example, a function which converts a continuous function into, a step-formed shape having a 
1 /4 pitch of the wavelength of light. 

The shape of the optical low-pass filter of Embodiment 46 is added to the flat plate 1 provided in the vicinity of the 
stop 2 in the photographing optical system shown in Fig. 6. The contour lines which represent the shape of the optical 
low-pass filter of Embodiment 46 are shown in Hg. 387. In Fig. 387, the region defined by each contour line corre- 

so sponds to a step size of 1/4 wavelength, and the portion between each contour line and an adjacent contour line is flat. 
In the shape of the optical low-pass filter shown in Fig. 387, with respect to the center of the opening portion, each por- 
tion marked V is projected to a maximum degree, whereas each portion marked "-" is dented to a maximum degree. 

As shown in Fig. 387, if the shape of the optical low-pass fitter of Embodiment 46 of the present invention is repre- 
sented by a cylindrical coordinate system the origin of which corresponds to the center of the opening portion, the 

55 shape of the optical low-pass filter stepwise changes in the rotational direction from a portion having a phase advancing 
action on the phase of an incident wavefront (any of the portions marked "-") to a portion having a phase retarding 
action on the phase of the incident wavefront (the adjacent one of the portions marked V). 

A numerical example of the basic shape of the surface of the optical low-pass filter according to Embodiment 46 is 
shown below: 
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S1(p t <>) = A1 x R1( p ) x cos2(<t>) . (138) 
where A1 is a constant and X is a wavelength. 
5 R1(p) = (3.534p + 2.867p 2 - 13.267p 3 - 7.079p 4 + 12.737p 5 )X, 0£p£l f 0<;<|><&7t. (139) 

In the optical low-pass filter of Embodiment 46 ( portions which have phase advancing actions on the phase of an 
incident wavefront and portions which have phase retarding actions on the phase of the incident wavefront are provided 
in the radial direction as well. The radial basic shape for 4> = 0 is shown in Fig. 388, and the actual cross-sectional shape 
io of the optical low-pass filter is shown in Fig. 389. 

Rg. 390 shows the contour lines of the point spread in an image plane, and Fig. 391 shows the line spread obtained 
at F1.65 by performing an adcfition in a direction perpendicular to the pixel-array direction of a CCD. Rgs. 392 and 393 
show the respective MTF curves of the optical low-pass filter of Embodiment 46 which is set to F1 .65 and F5.6. 

The continuous shape of the optical low-pass filter of any other embodiment can be approximated by a step-formed 
75 shap such as that of the optical low-pass filter of Embodiment 46, and the optical performance obtained from the step- 
formed shape is' approximately equivalent to that obtained from the continuous shape. 

(Embodiment 47) 

20 Fig. 394 shows Embodiment 47 of the present invention. The optical system of Embodiment r 47 is composed of a 
single molded lens L10 made of a PMMA material, and focuses a single wavelength onto the CCD 4. Lens data are 
shown in Table 21. 



Table 21 



Surface 


Radius of Curvature 


Separation 


Refractive Index (n) 


Abbe Number 


1* 


22.85257 


5.00000 


1.49171 


57.4 


2 


-130.97850 








f = 40 F2.0 



■ s The shape of the reference sur|ace of a surface r1 and the rotationally symmetrical aspheric terms of the surface 
35 r1 are expressed by the following expressions: 



S0(p). 



lWl-(1+k)(rp/R) 2 ' 



(140) 



40 



ASP(p) = a(r P J 1 +. b(r P ) 6 + c(rp) 8 + d(rp) 10 t 



041) 



wh re R is a radius of the osculating surface and k, a, b, c and d are aspheric coefficients. 
The aspheric coefficients are shown in Table 22. 



45 



Table 22 



so 



k 


a 


b 


c 


d 


-7.831 71 e-01 


-2.09422e-07 


-2.66250e-09 


0 


0 



In Embodiment 47, a shape which has .an optical low-pass action (a low-pass shape) is added to the surface r1 so 
that the lens L10 itself can be made to function as an optical low-pass filter. 
55 This low-pass shape (V(p, <)>)) is expressed by the following expressions: 



V(p t 4>)=R(p)C0S{2((|> + 7c/4)} t 
R(p)=A v (a v p + b v p 2 + c v p 3 +d v p 4 + e v p 5 )X . 



(142) 
(143) 
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Each coefficient of the low-pass shape of Embodiment 47 is shown in Table 23. 

Table 23 

A v =1 



a v = 3.16, b v -2.58,c v «-11-9. d v = 
e v =11.4 



-6.34 



70 



15 



(144) 

W(p,<j)') = V(p,<t.)x(1-n). 



where n is the refractive index of the lens L10. aber ralion, a relative point spread, a relative line spread 

Figs. 396. 397. 398 and 399 ^^^i^^S^M nm) of Embodiment 47. Figs. 400. 401 . 402 

and an MTF curve which are obta.ned JgJJ Lt spread, a relative line spread and an MTF curve 

so and 403 respectively show a T*«**Z^^ 

which are obtained from an opfcal system . .which no ^ o{ P Embo diment 47 produces a wavefront aberrabon 

As is apparent from the above esw ^^"^^?P^^ e ^^^J^j ra jjty of point images in an image plane so that the 

analogous to the low-pass shape to separate ^^^^J, higher than a predetermined spatial fre- 

value of MTF can be effectively reduced over the ^^^SS^Stol frequency (cutoff frequency) at which the 
25 quency at which the value of MTF is made zera ^^^J^^^^mtt such as a CCD to be 

^ue of MTF is made zero is obta-ned from the prfch , of *e s ^ooLsTmm. 



E(p.*) = c1 + c2 P cos(4») + c3psin(*) + c4p 2 cos(2*) + c5(2 P -1) 

35 + c6p 2 sin(2*) + c7p 3 cos(3<|>) + c8(3 P 3 - 2p)cos(<|>) 

+ c9(3p 3 -2p)sin«.) +c10 P 3 sin(3<l») + c11p 4 cos(4*) 
. + c12(4p 4 -3p 2 )cos(2*) + c13(6p 4 - 6p 2 + 1) (145) 
40 +c14 (4p 4 -3 P z )sin(2<l») + c15p 4 sin(4« + c16p 5 cos(5<t») 

+ C 17(5p 5 -4p 3 )cos(3« + c18(10p 5 -12p 3 + 3p)cos(4») 
+ c19(10p 5 - 12p 3 + 3p)sin(*) + c20(5 P 5 - 4p 3 )sin(3<t>) 

. + c21p 5 sin(5«|>) + • • • 

Tables 24, 25 and 26 resperfve.y sh W the coefficients obtained by approximating the shapes shown in Rgs. 404 

to 406 by using Expression (145). 

so 
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Table 24 



5 



70 



C1 


-0.3538 


c8 


0.0384 


c15 


-0.0129 


C2 


0.1128 


c9 


0.0606 


c16 


-0.0243 


c3 


0.0657 


c10 


0.1647 


C17 


-0.3672 


c4 


-0.2735 


C11 


-0.1535 


c18 


0.0795 


c5 


0.0875 


C12 


0.0331 


c19 


0.0048 


C6 


-0.0593 


C13 


0.0028 


c20 


-0.0113 


c7 


0.0580 


c14 


-0.0060 


c21 


-0.0045 



Table 25 



cl 


-0.7858 


C8 


0.1091 


C15 


l 0 


c2 


0.4593 


c9 


-0.0329 


C16 


0 


c3 


0.2183 


c10 


0 


C17 


0 


c4 


-0.8197 


C11 


0 


c;18 


0 


C5 


-0.3799 


c!2 


0 


c19 


0 


c6 


0.5056 


c13 


0 


c20 


0 


c7 


0.2297 


c14 


0 


C21 


0 



30 



Table 26 



40 



C1 


>0.0175 


C8 


0.0024 


C15 


0.0035 


C2 


,0 


c9 


0.0028 


C16 


0 


C3 


-0.0058 


clO 


0 


C17 : 


0 


C4 


-0.0147 


C11 


-0.0023 


C18 


0 


C5 


0.1097 


c12 


-0.0029 


C19 


0 


c6, 


0 


c13 


0 


C20 


0 


c7 


0 


C14 


0 


c21 


0 , 



The respective deformations (E1 and E2) of the surfaces rl and r2 are obtained by measuring the wavefronts 
so reflected at the surfaces r1 and r2 by means of an interferometer, and the non-uniformity (E3) of the inner gradient 
refractive index is obtained by measuring a transmitted wavefront by means of an interferometer while taking E1 and 
E2 into account. 

Such a molding error can be prevented by slowly molding the lens L10 in such a manner as to prevent non-uniform- 
ity from occurring in its refractive index, while correcting the shapes of the respective surfaces r1 and r2, but this mold- 
55 ing method incurs an increase in cost. For this reason, in accordance with Embodiment 47 of the present invention, the 
aforesaid low-pass shape and a shape for correcting the molding error are simultaneously formed at the surface r1 to 
which to add the aforesaid low-pass shape. 

The shape for correcting the molding error will be described below. Since the shape of the surface r1 is to be cor- 
rected, the error (E1 ) of the surface r1 is corrected by adding a shape having signs opposite to the signs of the shape 
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w 



15 



shown in Fig. 404 to the molding shape of a mold. The error (E2) of the surface r2 is corrected by setting the amount of 
error of the surface r2 and redesigning the surface r1 on the basis of the amount of error. The non-uniformity of the inner 
gradient refractive index (E3) is corrected by setting the amount of error of a medium or approximating the inner gradi- 
ent refractive index by converting the inner gradient refractive index into the amount of error of the shape of the surface 
r1 or r2, and redesigning the surface r1 on the basis of the amount of error which has been set in this manner. The mold 
is prepared by adding the low-pass shape shown in Fig. 395 to the thus-redesigned shape of the surface r1. The error 
occurring during molding is fully corrected by molding an optical low-pass filter by using such mold. 

Fig. 407 shows the contour lines of a transmitted wavefront obtainable when the amounts of errors E2 and E3 
shown in Figs. 405 and 406 are added to the surface r2. The shape of the surface r1 which is redesigned within the 
degree of freedom of the surface r1 for the purpose of correcting such a wavefront is described below. In the following 
description, the aspheric terms other than the low-pass shape are represented by Zernike's polynomial Z(p, <(>) which 
contains axisymmetrical terms. Therefore, 



ASP(p) + H(p, <!0->Z(p, «. 
and a shape S1(p, of the surface r1 which does not contain the low-pass shape is expressed as 

S1{p.*)-S0(p) + Z(p,*) ( 



(146) 



(147) 



20 



S0(p) = 



p 2 /R 



1+7l-(1+k)(p/R) 2 



(148) 



25 



30 



35 



Z(p,<t>) = cl + c2pcos(4>) + c3psin(<(>) + c4p 2 cos(2<|>) + c5(2p 2 - 
+ c6p 2 sin(2<(0 + c7p 3 cos(3<|>) + c8(3p 3 - 2p)cos(<t>) 
+ c9(3p 3 - 2p)sin(4>) + c10p 3 sin(3<|>) + d 1 p 4 cos(4$) 
+ c12(4p 4 - 3p 2 )cos(2<|>) + c13(6p 4 - 6p 2 + 1) 
+ c14(4p 4 - 3p 2 )sin(2<(>) + c15p 4 sin(4<[>) + c16p 5 cos(5<|>) 
+ c17(5p 5 - 4p 3 )cos(34>) + c18(10p 5 - 12p 3 +3p)cos(*t>) 
+ c19(10p 5 - 12p 3 + 3p)sin((|>) + c20(5p 5 - 4p 3 )sin{3<|>) 
+ c21p 5 sin(5<f>) + • • • 



1) 



(149) 
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The coefficients contained in the above expressions are shown in Table 27. 

Table 27 

K= -0.842 



cl 


0.8452 


c8 


-0.0218 


cl5 


0 


c2 


-0.0551 


c9 


0 


cl6 


0 


c3 


-0.0436 


clO 


-0.0013 


cl7 


0 


c4 


0.8452 


ell 


0.0244 


cl8 


0 


c5 


-0.4465 


cl2 


0 


cl9 


0 


06 


-0.0629 


cl3 


0 


C20 


0 


c7 


-O.0276 


Cl4 


0 


c21 


0 
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line. 



A deviation from a spheric surface having the shape expressed by Expression (147) is shown in Rg. 408 in contour 
Therefore, the actual shape S(p, <|>) of the surface r1 which includes the low-pass shape is expressed as 
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«&(p) + z{mJ + v( Pi J). 



(150) 



10 



Contour lines which represent the deviation of the surface r1 from the spheric surface are shown in Fig. 409. 

Since the surface r1 of the optical low-pass filter is molded in such a manner that a correction shape having the 
amount of error E1 is cancelled in the shape of the surface n , by a mold based on the shape expressed by Expression 
(150), the shape of the surface r1 becomes an aspheric shape expressed by subtracting the correcting shape having 
the amount of error E1 from the reference surface shape S0(p), the low-pass shape V(p, $) and Z(p, <|>). In other words, 
the surface r1 of the optical low-pass filter, when it is finished, is formed of only correction shapes having the amounts 
of errors E2 and E3. 



(Embodiment 48) 

In Embodiment 48, a low-pass shape is added to the surface r1 4 of the photographing optical system shown in Fig. 
is 47. The low-pass shape formed at the surface r14 is expressed by the following expressions using a cylindrical coordi- 
nate system: ? * 



20 



J V(p,<M = £Ani,Rm(p)cos{2(4> - t*/8 p + it/4}), m = 2, 6, 10, 



(151) 



Ft2(p) = A2(a2p + b2p 2 + c2p 3 )X, 



(152) 



25 



30 



R6(p) = A6(a6p +b6p < :)X, 

1 

R10(p) = A10(a10p + b10p 2 )X, 
The coefficients used in Embodiment 48 are shown in Table 28. 



(153) 
(154) 



35 



Table 28 



A 2 = Ag = A 10 = 1 


a 2 = -4.538 


ae = -0.606 


a 10 = 0.121 




fc>2 * 9.613 


b 6 =^-0.238 


b 10 = 0.048 


* 


C2 = -5.380 
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The contour lines of the low-pass shape of Embpdiment 48 are shown in Fig. 410. 

Figs. 411, 412, 413 and 414 respectively show a wavefront aberration (X. = 587.56 nm), a relative point,spread 
(white), a relative line spread (white) and an MTF curve (white) which are obtained on a shorter focal length side of a 
zoom lens using the design values of Embodiment 48. Frgs. 415,41 6, 41 7 and 41 8 respectively show a wavefront aber- 
rati n (X = 587.56 nm), a relative point spread (white), a relative line spread (white) and an MTF curve (white) which are 
obtained from a longer focal length side of such zoom lens. 

In Embodiment 48, a correction shape for correcting the error of a lens which occurs during molding is added to the 
surface r14 in a manner similar to that described above in connection with Embodiment 47. The shape S(p, 6) of the 
surfac r1 4 which is set in the mold is expressed by the following expressions: 



S(p,«-S0(p) + Z(p,« + V(p,«. 



(155) 
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S0( P ) : 



(r P ) 2 /R 



1+7l-(rp/R) 2 



(156) 
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to 



15 



20 



25 



30 



Z(p,*) = .O0397pcos(4>) ■ .0927psin(4>) + .410p cos(2*) 
+ .190p 2 sin(2<|>) - .253p 3 COs(3*) + -115(3 P 3 - 2p)sin(4>) 
. .0546p 3 sin(3« + .0165(4p 4 - 3 P 2 )cos(2<t)). 

A from M sp«c shape C t. «U r« ^rssssd „ Exp,.ss to (.» is si™ in Fi 0 . 4,9 in co, 

equivalent to design values, 
(Embodiment 49) 

Fi , 420 shows an example in which a phtfographjng ^~ a ^ 
described embodiments is applied to ^ t ^?^^S^SSSLt». the CCD 4 and a recording part 
graphing optical system 100 accordmg to any * J* "J-J^JJJJ ~ ' e pnoto graphing optical system 100. and the 

irnt^in an optica, apparatus such as .a video £^*S£S£c- a phase ot a wavefront of an incident 
An optical low-pass filter compnses a phase "^^^Ly^ pencil 0 , ray s. and a phase retarding area 
pencil olrayswHhrespecntoaphaseofawa^ 

which retards the phase of the wavef rorrt of * e '^™^ea and the phase retarding area alternately existing in the 

and such an optical low-pass filter. 
Claims 

35 of rays, comprising: 

.■ 1 ^^™^^..>^-^7^-^^ -, *'*■ ,,,,- "• 

refractive index having a phase retarding action. 

An <** »« - - «— « » <*» 1 ' — * * ■*- " ^ ^ 

are continuously formed in a rotational direction. 
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2. 
3. 



5. 

55 of rays 



6. 



of rays. 
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which coordinate system is standardized on a radius of an effective portion of said optical low-pass filter, and $ is 
a coordinate system (0 £ 4> <. 2k) relative to the rotational direction of said optical low-pass filter: 

S(p,<|>) = R(p) x cos(m<|> + 8), 

5 

where R(p) is a radial shape of said optical low-pass filter, m is an integer not less than 2, and 8 is a constant. 

7. An optical low-pass filter according to claim 5 t wherein a shape S(p, <|>) of said optical low-pass filter is expressed 
as follows by a cylindrical coordinate system (p, <(>) whose origin corresponds to the center of the incident pencil of 

to rays and in which p is a coordinate system (0 <> o <> 1) relative to a radial direction of said optical low-pass filter, 
which coordinate system is standardized on a radius of an effective portion of said optical low-pass filter, and <|> is 
a coordinate system (0 <, $ <. 2k) relative to the rotational direction of said optical low-pass filter: 

S(p,<|>) = YAm x Rm(p) x cos{m(d> + 8m)}, 

15 * l ^ 

m 

where Rm(p) is a radial shape of said optical low-pass filter, m is an integer, and Am and 8m are constants. 

8. An optical low-pass filter according to claim 5, wherein a shape S(p, t) of said optical low-pass filter is expressed 
20 as follows by a cylindrical coordinate system (p, <(>) whose origin corresponds to the center of the incident pencil of 

rays and in which p is a coordinate system* (0 <, p <, 1) relative to a radial direction of said optical low-pass filter, 
which coordinate system is standardized on a radius of an effective portion of said optical low-pass filter, and $ is 
a coordinate system (0 <; $ <> 2n) relative to the rotational direction of said optical low-pass filter: 

25 S(p, 4i) = R(p) x cos{m(<|> + kf(p) + 8)} . 

where R(p) is a radial shape of said optical low-pass filter. f(p) is an arbitrary function of p, m is an integer, and k 
and 8 are constants. 

30 9. An optical low-pass filter according to claim 5, wherein a shape S(p, <|>) of said optical low-pass filter is expressed 
as follows by a cylindrical coordinate system (p, $) whose origin corresponds to the center of the incident pencil of 
rays and in which p is a coordinate system (0 £ p <, 1) relative to a radial direction of said optical low-pass filter, 
which coordinate system is standardized on a radius of an effective portion of said optical low-pass filter, and $ is 
a coordinate system (0 <, $ £ 2k) relative to the rotational direction of said optical low-pass fitter: 

35 

■ S(p,<|>) = £Am x Rrn(p) x cos{m(<|> + fm(p) + 8m)}, 
m 

where Rm(p) is a radial shape of said optical low-pass filter, fm(p) is an arbitrary function of p, m is an integer, and 
40 Am and 8m are constants. 

10. An optical low-pass filter according to dainyS, wherein a gradient refractive index r>J(p t <>) of said optical low-pass 
filter is expressed as follows by a cylindrical coordinate system (p, W whose origin corresponds to the center of the 
incident pencil of rays and in which p is a coordinate system (0 £ p <. 1) relative to a radial direction of said optical 

45 low-pass f ilter, which coordinate system is standardized on a radius of an effective portion of said optical low-pass 
filter, and f is a coordinate system (0^ + 5 2k) relative to the rotational direction of said optical low-pass filter: 

N(p,(}>) = NO + Nr(p) x cos(m<|> + 8), 

so where NO is a refractive index relative at the origin, Nr(p) is a gradient refractive index relative to the radial direction, 
m is an integer not less than 2, and 8 is a constant. 

11. An optical low-pass filter according to claim 5, wherein a gradient refractive index N(p, 4>) of said optical low-pass 
filter is expressed as follows by a cylindrical coordinate system (p, <|>) whose origin corresponds to the center of the 

55 incident pencil of rays and in which p is a coordinate system (0 £ p £ t) relative to a radial direction of said optical 
low-pass f Bter, which coordinate system is standardized on a radius of an effective portion of said optical low-pass 
filter, and $ is a coordinate system (0 <, $ <> 2k) relative to the rotational direction of said optical low-pass filter: 
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N(p t <(>) « NO + £ Am x Nrm(p) x cos{m(<|> + Sm)}, 

m 

where NO is a refractive index relative at the origin, Nrm(p) is a gradient refractive index relative to the radial direc- 
tion, m is an integer, and Am and 8m are constants. 

12. An optical low-pass filter according to claim 5, wherein a gradient refractive index N(p, <|>) of said optical low-pass 
filter is expressed as follows by a cylindrical coordinate system (p. <|>) whose origin corresponds to the center of the 
incident pencil of rays and in which p is a coordinate system (0 <, p <> 1) relative to a radial direction of said optical 
low-pass filter, which coordinate system is standardized on a radius of an effective portion of said optical low-pass 
filter, and $ is a coordinate system (0 <. <t> <, 2k) relative to the rotational direction of said optical low-pass filter: 

N(p,it>) = NO + Nr(p) x cos{m(<|> + kf(p) + 8)} , 

where NO is a refractive index relative at the origin, Nr(p) is a gradient refractive index relative to the radial direction, 
f(p) is an arbitrary function of p, m is an integer, and k and 6 are constants. 

13. An optical low-pass filter according to claim 5, wherein a gradient refractive index N(p t of said optical low-pass 
filter is expressed as follows by a cylindrical coordinate system (p, <(>) whose origin corresponds to the center of the 
incident pencil of rays and in which p is a coordinate system (0 ^ p £ 1) relative to a radial direction of said optical 
low-pass filter, which coordinate system is standardized on a radius of an effective portion of said optical low-pass 
filter, and <|> is a coordinate system (0 < 4> <, 2k) relative to the rotational direction of said optical low-pass filter: 

N(p, <» = NO + £ Am x Nrm(p) x cos{m(<t> + fm(p) + 6m)] , 

m 

where NO is a refractive index relative at the origin, Nrm(p) is a gradient refractive index relative to the radial direc- 
tion, fm(p) is an arbitrary function of p. m is an integer, and Am and 5m are constants. 

14. An optical low-pass filter according to claim 1 , wherein a wavefront aberration W(p, <|>) which occurs in a pencil of 
rays transmitted through said optical low-pass filter is expressed as follows by a cylindrical coordinate system (p, 
whose origin corresponds to the center of the incident pencil of rays and in which p is a coordinate system (0 <, p <, 
1) relative to a radial direction of said optical low-pass filter.-which coordinate system is standardized on a radius of 
an effective portion of said optical low-pass filter, and $ is a coordinate system (0 <, 4 £ 2n) relative to a rotational 
direction of said optical low-pass fitter: 

W(p.40*=Wr(p)x Wt(4>), 
provided that the following conditions are satisfied: 

Wr(0.3)/Wr(0.6)>0, 
Wr(0.6)/Wr(0.9)>0, 

where Wr(p) is a wavefront aberration relative to the radial direction and Wt(4>) is a wavefront aberration relative to 
the rotational direction. 

15. An optical low-pass filter according to claim 1 , wherein a wavefront aberration W(p, <|>) which occurs in a pencil of 
rays transmitted through said optical low-pass filter is expressed as follows by a cylindrical coordinate system (p, <|>) 
whose origin corresponds to the center of the incident pencil of rays and in which p is a coordinate system (0 £ p <> 
1) relative to a radial direction of said optical low-pass filter, which coordinate system is standardized on a radius of 
an effective portion of said optical tow-pass filter, and 4> is a coordinate system (0 <> <j> <> 2n) relative to a rotational 
direction of said optical low-pass fitter: 

W(p.4>) = Wr(p)x Wt((t>), 

and an amount of variation, Wr*(p), in the wavefront aberration relative to the radial direction is expressed as 

Wr'(p) = dW(p)/dp. 
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provided that the following conditions are satisfied: 

Wr , (0.3)/Wr'(O.6)>1 ( 
Wr , (0.6)/Wr , (O.9)<1, 

where Wr(p) is a wavefront aberration relative to the radial direction and Wt(4>) is a wavefront aberration relative to 
the rotational direction. 

1 6. An optical low-pass filter according to claim 1 , wherein a shape S(p, <t>) of said optical low-pass filter is expressed 
as follows by a cylindrical coordinate system (p, <|>) whose origin corresponds to the center of the incident pencil of 
rays and in which p is a coordinate system (0 £ p <, 1) relative to a radial direction of said optical low-pass filter, 
which coordinate system is standardized on a radius of an effective portion of said optical low-pass filter, and $ is 
a coordinate system (0 ^ <(» £ 2n) relative to a rotational direction of said optical low-pass filter: 

; S^) = R(p)xT(«, 

* i 

and an amount of variation in shape, R'(p). relative to the radial direction is expressed as 

' , ■ J ' . R'(p) = aR( P )/a P , ^ 

provided that the following conditions are satisfied: 

R'(0.3)/R'(0.6)>1 1 
R'(0.6)/R'(0.9)<1, 

where R(p) is a shape of said optical low-pass filter relative to the radial direction and T(<|>) is a shape of said optical 
low-pass filter relative to the rotational direction. 

17. An optical low-pass filter according to claim 1, wherein a gradient refractive index N(p, 4>) of said optical low-pass 
filter is expressed as follows by a cylindrical coordinate system (p, 4>) whose origin corresponds to the center of the 
incident pencil of rays and in which p is a coordinate system (0 <, p £ 1) relative to a radial direction of said optical 
low-pass filter, which coordinate system is standardized on a radius of an effective portion of saidpptical low-pass 
filter, and $ is a coordinate system (0 ^ <|> £ 2k) relative to a rotational direction of said optical low-pass filter: 

' N(p.<M = N0 + Nr(p) x Nt(4>) . * 

and an amount of variation in refractive index, Nr'(p), relative to the radial direction is expressed as 

Nr'(p) = dN(p)/dp, 
provided that the following conditions are satisfied: 

Nr'(0.3)/Nr , (0.6)>1, 

Nr'(0.6)/NrX0.9)<1, 

where NO is a refractive index at the origin, Nr(p) is a gradient refractive index relative to the radial direction, and 
Nt(4>) is a gradient refractive index relative to the rotational direction. 

18. An optical low-pass filter according to claim 1 , wherein a wavefront aberration W(p, <|>) which occurs in a pencil of 
rays transmitted through said optical low-pass filter is expressed as follows by a cylindrical coordinate system (p, (f>) 
whose origin corresponds to the center of the incident pencil of rays and in which p is a coordinate system (0 <, p < 
1) relative to a radial direction of said optical low-pass filter, which coordinate system is standardized on a radius of 
an effective portion of said optical low-pass filter, and <t> is a coordinate system (0 <, <[> <, 2n) relative to a rotational 
direction of said optical low-pass filter: 

W(p,<t>) = Wr(p) x Wt((|»), 
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and an amount of variation. Wr'(p), in the wavefront aberration re.af.ve to the radia. direction is expressed as 

Wr'(p) = dW(p)/3p, 

provided that the following conditions are satisfied: 

Wr(0.25)/Wr(0.75)<0, 

Wr'(0.3)/Wr , (0.6)<0, 

where Wr(p) is a wavefront aberration reiative to the radia. direction and Wt W is a wavefront aberration re.a«ve to 
the rotational direction. 

S(p.*) = R(p) x T(<M , 

and an amount of variation in shape, R'(p), relative to the radi* direction is expressed as 

R ? (p) = aR(p)/6p. 

provided that the following conditions are satisfied: 

R(0.25)/R(0.75)<0. 
RXO.SVR'CO.S)^, 

low-pass filter relative to the rotational direction. 

tvl(p^) = NO + Nr(p) x Nt(<|>) , 
and an amount of variation in refractive index, Nr'(p), relative to the radial direction is expressed as 

Nr'(p) = 5N(p)/dp . 

provided that the following conditions are satisfied: 

Nr(0.25)/Nr(0.75)<0, 

Nr\0.3)/Nr'(0.6)<0, 

■ rJtt^s=^^«=^- =,,,, * , " , " -,, "* 

SeTpenci. of rays, sak! predetermined period differing from area to area m a rad. a . direct™. 
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22. An optical low-pass filter according to claim 21 , wherein a wavefront aberration W(p, 4>) which occurs in a pencil of 
rays transmitted through said optical low-pass filter is expressed as follows by a cylindrical coordinate system (p, <(>) 
whose origin corresponds to the center of the incident pencil of rays and in which p is a coordinate system (0 <, p <, 
1) relative to the radial direction of said optical low-pass filter, which coordinate system is standardized on a radius 
5 of an effective portion of said optical low-pass filter, and $ is a coordinat system (0 ^ <|> <> 2n) relative to the rota- 
tional direction of said optical low-pass filter: 

xxv ^ , w rl(p)cos(ml<t> + 61), 0<p£s, 
W(p, <t>) = \ 

10 Wr2(p) cos (m2<j> + 62), s £ p £ 1, 

where Wri(p) is a wavefront aberration relative to the radial direction and mi and 8i are constants. 
15 23. An* optical low-pass filter according to claim 22, wherein said optical low-pass filler satisfies the following condition: 

rrvf<m2. 1 

24. An optical low-pass filter according to claim 1 , wherein said phase advancing area and said phase retarding area 
20 are formed in a step-formed shape. ^ i 

25. An optical low-pass fitter according to daim 24, wherein said phase advancing area and said phase retarding area 
are alternately formed in the rotational direction centered at an origin corresponding to the center of the incident 
penal of rays. ; > 

26. An optical low-pass filter according to claim 25. wherein a shape S(fL <[>) of said optical low-pass filter is expressed 
as follows by a cylindrical coordinate system (p, fy) whose origin corresponds to the center of the incident pencil of 
rays and in which p is a coordinate system (0 £ p £ 1) relative to a radial direction of said optical lowrpass filter, 
which coordinate system is standardized on a radius of an effective portion of said optical low-pass filter, and 4> is 

30 a coordinate system (0 <, 2n) relative to the rotational direction of said optical low-pass filter: 

S(p,<|>) « Step(R(p) x cos(m<|> + 5)) , 

where R(p) is a basic shape of said optical low-pass filter relative to the radial direction, 6 is a constant and Step(f) 
35 1 is' a function for converting the continuous function f into a predetermined step function. 

27. An optical low-pass filter according to claim 1 , further comprising a shape which corrects an error occurring during 
molding. 

40 28. An optical low-pass filter comprising: t f 

t 

a phase advancing area which advances a phase of a wavefront of an incident pencil of rays with respect to a 
phase of a wavefront of a center of the incident pencil of rays; and 

a fi>hase retarding area which retards the phase of the wavefront of the incident pencil of rays with respect to 
45 the phase of the wavefront of the center of tine incident pencil of rays, 

at least either one of said phase advancing area and said retarding area being provided as a plurality of phase 
advancing areas or a plurality of phase retarding areas in said optical low-pass filter. 

29. An optical low-pass filter comprising: 

so 

an area having an optical path length longer than an optical path length of a center of said optical low-pass fil- 
ter; and 

an area having an optical path length shorter than the optical path length of the center of said optical low-pass 
filter, 

55 said area having the longer optical path length and said area having the shorter optical path length alternately 

existing in said optical low-pass filter. 

30. A method of manufacturing an optical low-pass filter, comprising the steps of: 
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charging a material into a mold; and 
removing the material molded by the mold, 

said optical low-pass filter alternately including a phase advancing area which advances a phase of a wave- 
front of an incident pencil of rays with respect to a phase of a wavef ront of a center of the incident pencil of rays, 
5 and a phase retarding area which retards the phase of the wavefront of the incident pencil of rays with respect 

to the phase of the wavefront of the center of the incident pencil of rays, and 

said mold having a shape which corrects an error occurring during molding of said optical low-pass filter. 

31 . A method of manufacturing an optical low-pass filter according to claim 30, wherein the error includes an error of a 
w shape of said optical low-pass filter which occurs during the molding thereof. 

32, A method of manufacturing an optical low-pass filter according to claim 30, wherein the error includes a non-uni- 
formity of a refractive index of said optical low-pass filter which occurs during the molding thereof. 

75 33. A method of manufacturing an optical low-pass filter according to claim 30, wherein the material includes a syn- 
thetic resin material. 

34. A method of manufacturing an optical low-pass filter according to claim 30, wherein the material includes a glass 
, material. 

20 . 

35. An optical apparatus comprising: 

\ an image forming optical system; 

an image pickup element; and 
25 1 an optical low-pass filter, 

said optical low-pass filter alternately including a phase advancing area which advances a phase of a wave- 
front of an incident pencil of rays with respect to a phase of a wavefront of a center of the incident pencil of rays, 
and a phase retarding area which retards the phase of the wavefront of the incident pencil of rays with respect 
to the phase of the wavefront of the center of the incident pencil of rays. 

30 

36. An optical apparatus according to claim 35, wherein said optical low-pass filter is provided in a vicinity of a stop of 
said image forming optical system. 

37. An optical apparatus according to claim 35, wherein said optical low-pass filter is arranged in such a manner that 
35 a direction in which its phase advancing or retarding action is large is inclined in the range of 30° to 60° with respect 

to a direction of array of pixels of said image pickup element. 

38. An optical apparatus according to claim 35, wherein said optical low-pass filter is arranged in such a manner that 
a direction in which its phase advancing or retarding action is large is inclined by approximately 45° with respect to 

AO a direction of array of pixels of said image pickup element. 
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